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PREFACE

This Final Technical Rspart covers the work performed under Contract
Number DAAK-40-76=C=1329 fzem 16 November 1976 to 9 December 1377.
The manuscript was released by the authors in February 1978 for pub-
lication.

This contract with the Vought Corporation, a division of LTV,
Incorporatsd, was initiated under Technical Requirement Numbaer

6089, "Manufacturing Methods for Eigh Speed Machining of Aluminum”.
It vas mmwmummm«u«an. John

Malonas of the Manufacturing Nethods and Technology Branch (DRDMIZEAT)
U.8. Axrmy Missile Ressarch and Development Command, Redstone

Arssnal, Alabasia 35809.

The ccntract was conductad under Mr. D.M. Halberda, Manufacturing
Sexrvicer Manager. The principal investigator was Mr. Jack NeGee,
Manufacturing Technology Ingineer Specialist. Others who actively
participated in the development and preparation of this report
wezre: C.R. Casto, Dasign Enginser; D.O. Bdge, P.3. Richardson and
R.L. Thempson, Iquipment Engineers; and D.A. Kutchar and 7T.I.
Wojeik, N/C Programmers.

This project wvas accomplishad as a part of the U.S. Army Missile
Manufacturing Methods Program, the primary cbjsctive of which is
to develop, om & timely basis, manufacturing procssses, techniques
and ‘equipment for use in the econamical production of USANC ma-
tarials and oomponants.

Your ccamants are solicited on the potantial utilisatien of the
information contained harein as applied to your present and/or
future production programs. Suggestions cuncerning additicnal
manufacturing methods development required on this or othar sub-
jects will be appreciated.
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XA 1.0 INTRODUCTION

ﬁ e objective of this program was to develop manufacturing methods
and technology for machining aluminum at significantly higher speeds
- than is currently practiced, Additionally, the methodology devaloped
. was to De satisfactorily demonstrated as being Doth practical and

o cost-effective vhan compared with current machining practices.

. > To accomplish these cbjectives, a three-phase program was conductaed.

VL In Phase I, cutting tools and machining parametars were tested for

the purposs of making maclilning recoomendations for selected aluminum
vl alloys. BExpanded machining data; e.¢., tolerances, finishes, deflection,
b cutting forces, horsepowsr, residual stresses and cutting temperature
wezre also devel.ped to ascertain the effects of high speed machining

ont product integrity.

In Phase II, Guidance and Control Shells A(Part—No— 3101583471 tor

tha Lance missile were machinad, in part, with the new methods to
establish cost data for comparison with present methods, Also,
parformance data for the methods were analyzed; and intarrelationships
were developed among pertinent machining jeopertiss and variables.

In Phase III, new high-speed machining mathodologies developed in
tha progran were demonatrated to representatives of the Government
and the aluminimum fabricating industry. Sec—-—

. A survay conducted at the beginning of the program uncovered only

a limited amount of usaful information for high=speed machining,

Based on that survey, it appears that the late C. Salomen of Gcnuny o

was the first to publish experimental results for high-speed machining, RO

In 1931, Salamon reported that thermocouple measurements made in high=- D

speed nmilling tests indicats that tool-chip interface tempsraturss drop RS

at higher cutting speeds (ses Figurs 1), so that it is possible to machine 3

faster and still have the tool last 1onqor. providing machine tools can .

be made to cut fast epough. Siekmann? cenducted tests in 1958 on 1045 ‘1
_ stesal with a 150-horsepower lathe at cutting spesds up %o 18,000 feet/ RIS
. minuts. Evidently, thase tests wers not successful from the standpoint
of increasing tool life with cutting speed, as tha ceramic cuttars used,
o apparantly, failed, more or less, Iinstantly when operated at cutttng

: spesds in axcess of 9,000 feat/minute. About the sama time, Vaughn-’ '

- conducted more axtansive and alaborate studias for high speed machining. -
While the results of Vaughn's studies showsd that the optimm cutting .
S speed for most materials is greater than 100,000 feet/minute, these were
probably shelved dus to a lack of appropriate machine tools. More re-
cently, howaver, machine tool technology had progressed to the point
where interest in high speed nachining was once again aroused. This
technology inaluded advancements in numarical control systenis, bearing
design, spindla desiqm, frequency converter power supplies, pallet
changing, autcmatic tool changing and cutter materials. As a consequence,

* Superscript numbers in text refer to references in bibliography.
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xing and McDopald4 set out to prove and advance Vaughn's research, In
doing so, thase ressarchers worked with the Bryant Grinder Corporaticn
and othars to equip an existing Sundstrand, five=axes, Modsl CH=-3,
Coniail with a 20,000 rpm, 20 horsepower spindle. Based om results
obtained with that modified machine, King and McDonald reaparted

such a good potential for the high=speed machining of alumimum that
th.VouqhtcunonummMu.ot its Sundstrand Ganinils in a
duplicative mannar for use on its ressarch and deavelopuental programs. S
Vought also p:mmommam.uduu:hmmduustw C
evaluation that wars designed or developed by those resasrchers; but ey
other than thase inputs, this Vought conducted program vas, essentially, L
an independent developmental effort,

This Technical Naport presents the results that verse génerated undar

this program. As A synopsis, it can be gensrally stated that ths high T
speed machining of aluninum is an intriguing, relatively safs process T
and that anycne would probably be rsluctant to go back to conventional -
fesds and speeds after being sxposed to it for a wesk or two. Specif-
ically, Section 2.0 discusses the selection of workpiece tast materials
and cutting tools. In Section 3.0, cutting tesperature tasts are dascribed
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in datail, and cutting fluid selection is discussed in Section 4.0.
Machine modifications made to a Sundstrand Omnimil and Bullard Vertical
Turret Lathe to obtain a high-speead machining capability are described
in Section 5,0, and testing procedurss used to establish high~speed
nachining methods are discussed in Section 6,0. Cutter gecmetry and
cptimization testa are described in Section 7.0. In Section 8.0, test
results are presented for machining parametar optimization. Test
results for cutting force, daflection and horsepcwser ara given in
Section 9.0, and the effects of high-speed machining on surface finish
and residual stress gensration are discussed in Section 10,0.

The residual stress tests and analyces ware accomplished at the

Metcut Reseaxch Associates, Incorporated laboratories. An accnocmic
analysis for high=speed machining was also conductad by Metout, and
the results are given in Section 1l1l.0. In Section 12.0, conclusions
and recommendations, based on information derived from this programm,
ars presented,
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n 2.0 MATERIALS

;:i 2.1 lb:ﬂin-

S

.‘,:'; Work materxials. for this program wera limited to aluminum and its alloys
" and wars selected from that category on the basis of being reprasentative

of missile fabrication. Additionally, the most=difficult and least-
difficult-to-machine alloys and tempers in this classification were

sought to define parsmetsr limits., PFor exmmplae, A3S6~T6 cast aluminum

is cne of the more Aiffisult-to-machine aluminum alloys. It bas a
machinability index (X) of 140%, which signifies that it can be

sachined approximately 408 faster than 31112 stesl. Consequently, and
because A3&~7¢ aluninua is the same aatarial from which the demonstration
part (Iance Shell Guidance Set, part numbar 10182178) was to0 be machined,
it wvas one of tha alloys selscted., Other alloys considersd were:

ALIOY MACHIMASILITY DNOEX (1)%
707876 120 o
2014~7¢ 140 .
2024-74 150 SR
6081-76 190 ]
201113 200
218-r 240 R
. oot
Aftar costing out thase materials in the quantities required for testing, .
- work material requirements wers reduced to and ordared in the following . '_-L]
X alloys, siszes, and quantities: R
h ' | amoy sizm gonerrTy T
A3S6~1¢ 2 by 12 by 36 inches 20 . d
A356-T6 44 QD by 18 ID by 18 inchas ] "
A356~76 Lance Shall Casting L] L]
7075+2651 2 by 48 by 144 inches 2
7075=1¢ 24 0D by 18 ID by 18 inches [ . j"_
6061-T651 2 by 48 by l44 inchas 2 “
6061-16 34 OD by 18 ID by 18 inchas 6
This group of alloys encompassas a wide range of machinahility, and . ‘j‘- 3
all are familiar missile and serospacs materials. Tha A156~T$
aluminum could pressant scme unpredictable preblems; since it is a
cast material, and its principal additive is silicon (about %), R
Both the insoluble fres silicon particles in this alloy and any sand . '
from casting molds would be akrasive and inorease toole-wear. T
- - g
lf\- .1
4 - :'.-
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2.2

Qutting Tool

At the beginning of this program, solid carbide end millas were gen-—
erally considered to be optimm for the high-speed milling of alum-~
inum. That type of cutter not only provided good wear and cutting
tamperature rasigtance, but Xing" stated at a seminar in Dallas, Texas
on September 15, 1976, that solid carbide cutters would probably not
be hurled through space if broken while turning at high speeds. In-
stead, such cutters would likely fracture and fall harmlessly to the
machining table, thus providing a margin of safety.

For solid carbide end mills, there is a practical limit to the size
that should be purchased. For exsmple, thers was difficulty in ob=
taining solid carbide end mills in a 1.25«inch diamster size. These
had to be special made at considarable cost and long lead time. For
these reasons, brazed carbide end mills wers purchased initially for
all sizes larger than l.25-inch dimmeter. When these cuttors proved
to ba safe and satisfactory, brazed carbide end mills wery subsequently
purchased in smaller sizes.

High speed steal (HSS) cutters containing 4-psrcent cobalt were also
purchased initially to sctivate tests, provide a backup, and to pro-
vide a reference datum against which to ccmpare cuttsr develcpmant
gains. This type of end mill performed creditably throughout the
program and was used extensively.

A list of cutters procured for this program would include (see page
8)s
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Size and Shape p
Cutter Type Inch/Inches Inch Inches | Qty ’
Dismatear Fluts |Flute Length | Overall
End Mill, Braszed Carbide | 1.5 2 1.5 4 9
- 1.0 2 1.5 4 8
2.0 3 2.0 4.8 2 :
a 1075 3 2-0 4-5 l . ;
End Mill, Brased Carbide | 1.5 - 3 2.0 4.8 2
End Mill, Solid Carbide 0.5 2 3/4 6 12
0.78 2 7/8 6 ;
1.0 2 3/4 ¢ 6
End Mill, Solid Carbide 1.0 2 2=1/4 4.5 2 _
End MLill, CoHSS 0.3 4 1-1/4 e | 4 o
1.28 4 2=1/2 s 6 -
1.5 ‘ 4.0 | 6-1/2 | 3 =
2.0 4 2.8 - 5 2 '
1.0 2 1=1/2 4 8 L
1.28% 2 2 4.5 4 Lo
End Nill, CoHSS 2.0 2 3 5.8 6 o
Drill, Solid Caxbide 0.25 2 2 3=1/4 | 30 ——
Drill, Has 0.25 KAS 907, Type "C" 2.5 12
Insext Holdar, lathe lx 1l-1/4 x 6§, A~BVBR=85C b :
Iasert Holder, lathe l1x1-1/4 x 6, SVER-8S 1 o
Carbide Inserts 3/16 x 3/4 x 3/4, $¥G 633 12 .
Carbide Insarts 3/16 x 3/4 x 3/4, SKG 632 12 RREEE
Carbide Inserts 1/8 x 3/4 % 3/4, SEG 6233 28 Y
_'-
c ]
1 3
6 o
)
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‘r‘] 3.0 CUTTING TEMPERATURE TESTS .

3.1 ZIntroduction
It is generally accepted that tcol life decreases as cutting speeds

ars increased and that their ralationship over a practical range can
be axpressed mathematically® as follows:

E 'y ol ) -
- whars

o v = Cutting Spesd

o T = Tool Life

‘ n = Material Constant S
- c = Material Constant w

n Ths principal reason for the tool life decreass can be astributed to

the temperature rise which acccmpanies increassd cutting spesds. To L
explain, these ara two important heat sources involved in the metal
cutting procass, One invaolves Dplastic daformation anurgies along shear o
planes; and the other involves frictional esnergies along tool=chip contact .
aveas as illustrated in Pigure 2. It has been shown’ that tha 1
quantities of heat developad at thase sources ars directly proportional ;
to shear velocities and chip velocities, respectively, and that both, <
in tumm, are diractly proportional to cutting speeds, Thus, as cutting RNE
speeds are increased, the output from these heat sources incresase; and, S
all things being squal, chips and tools get hotter. ""‘:

SA 40811

ISR By SRR

Figere 2. Lustions of Thermel Energy Seurses in Mewm| Curtting: : -_'.::t'.i:
(1) Along Shoar Plune and (2) Youi=Chip interfase .'_:f.:::.'




The action of increasad tool temperature is to soften or weakan the
tool matarial so that it abrades and wears more rudilya. Cutting
" tocls have sven baen known ¢o fail by walding to workpiece material.
n_ Thus, thera would seem to be dafinite thermal restraints to high speed
- sachining; and it was tha purpose of this investigation to determine
vhethar or not such restraints would prohibit the high speed machining
of aluminum alloys. This was accomplished by msasuring the tempsrature
. of toolechip contact areas, as illustrated in PFPigure 3, for varicus
“. machining speeds, feeds, and cutter gecmetriss on 2014-T652 aluminum.
RA 40812 .-

CONTACT AREA (HEAT SOURCE)

TOP SURFACE OF LATHE TOOL

Figurs 1. dosiiond View of Hent Seurss At Tha Tost=-Ciip Iawrioes NN

A sscondary purpose of this investigation was to determine, if convenient,
or not the cutting temparature for a givan material peaked at
soms unique cutting speed. It had been verified? that, sssentially, :
all tha work of cutting is transformed into tharmal energy, and most of R
that enexgy is carried off in the chips. A mmall amount of the eneryy oo
goes into tha workpisce, and an even maller amcunt goes into the tool
{(cf. Figure 3). At high cutting speeds, as much as 80% of the enexgy
aay bs oarried off by the chips. It is this circumstance which makas
high spesd machinine possible. Additionally, other investigatorst:3 ekied
have preasanted evidencs which indicates that the cutting temperature booa
for a given material will increase with cutting speeds to a point; after S
which, the cutting temparature decreasss with furthar cutting speed

increasss. Such an ococurrance, illustrated in Pigurae 4, wu.J;d provide
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3.2

Pl I et
A

two gutting speeds, one normal (V;) and one very fast (V3), which
should produce the same cutting temperature and, therefore, cutter
*life. Any spesd falling batwean thesa two would be expected to
yield a shorter cutter life, reaching a minimum at the V; cutting
speed, If this proved to be the case, it would open up a mmber of
possibilities, Primarily, it would establish high speed machining
as a meaningful process, provided equipment having the speed ranges
required could be made available., For these reascns, this concept,

. was investigated within the limits of the contractors time frame

and readily available equipment and facilities.

Experimental Setup

The tast sstup used in this investigation is illustrated in Pigure 3.
Machining was accomplished on a 48=-inch swing, infinitely variable
cutting speed, No. 2502 Monarch lathe. Pictorial views of the setup
are presented in Figures 6, 7, 8, and 9. The thearmoelectric

circuit is patterned after ons described by Shaw except that it
exbraces an additional compensating cirouit developed by Trigger,
Campbell, and Chao9 which enables throwaway insert cutting tools
to be used, This compensating device uses the IR drop resulting from
thermoalectric flow in a closed circuit to nullify the parasitic emf
introduced by dissimilar lead materials attached to cutting inserts.

LATHE MOTOR cHUEK 3A 4081
GONTACT BRUSH
m‘-:u.::uuc fLua b (ALTERNATE METHOD)
CLAMP BLATES [ 2014-T882 CYLINDER
CONTACT BRUSH L 2014-T8I2 CLAMP PLATE
MERCURY $= alues afasnl
CONFRER s 2014-Te82 ROD
HOT JUNCTION

coL
JUNCTON L §
s e

N
CONSTANTAN —] — corren_
Fo‘ N _/-
15 K
] ®
o o
DIGITAL OSCILLOGRAPH | | AMPLIFIER -
MILLIVOLTMETER RECORDER  o—to ¢ . 1V - CYcLe

NOTE: CIRCUIT INSULATED PROM LATHE

Figure 5, Exverimental Setup Used to Detorming Cutting Temperatures
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The workpieca was a fczged 2014~T652 aluminum cylinder approximately
. 22 inchas in dismeter by 12 inches long by 7/8=inch wall thickness.
E The internal diameter was step-machined =inch larger by ¥-inch deep

to locate and retain a 20,313 diameter by 5/16~inch thick clamping
plate made of 2014~T6852 aluminum. The, cylinder was clamped firmly
in an insulated four-jaw chuck wihich acted outwardly against the
cylindaris internal wall. As a safety foature, the cylindear was alsc
clanped axially with a drawbar-like devics which also served as a
part of tha thermoelectric circuit. This device was cozposed of the
aforementioned clamping plate, a 3/4=inch dimmeter 2014~T7632 aluminum "t
rod which was spproximately 61 inches long axd threaded on both ends,
a 2=inch thick by 4.12% inch dimmetsr by €6-inch dimmeter stepped phenolic
plug, & h=inch thick by lO0=inch dimmeter tapared 2014~T632 alicainum
clap/marcury-contact plate, and assorted washers and nuts. Thasa .
details wvere assembled as illustrated in Figure S,

Three different workpiece hrushss wera tried during this investigation.

The Zirst hrush vas made from a strip of 20147652 aluminum sheet stock
which was contoured on one end to fit tha workpiece perimster as indicated
in Figures $ (altuxnate method) and 7. The usa of this mathod was
disoontinued when it was verified that aluminum rubbing against aluminum
produced galling, ssizing, and poor thermoelestrigc signals. The second
mathod tried was a variation of the first in that a pair of coppar=-carkbon
points ware attached to ths brush as ahown in Pigure 7. While this

method was not totally satisfactory, especially at high cutting speeds,

its use was not discontinmued until it was found that cutting fiuids

getting on the coptacst points caused questionable thermoelectric signals -
to be tranmmitted, The sstup finally adopted for use in this investigation
was tha 20re axpensive, but more reliabla, marcury=contact brush illustrated
in Pigure S and portrayed in FPigure 8.

A part of the instrumentation used to measure toole-workpiscs thermocouple
outputs is shown in Pigure 9. The x-y millivolt recorder shown on top
of the cart at the left, with its 24 volt power supply benesath, is a
Honevwell, Modal 2208, Visigcorder, light bemn oscillograph. The light
beam signal was tranmmitted by a Honeywell M1L00=120 galvancmetar in the .
recorder. Not shown on top of the power rupply is a Sanborm, Model 86873,
instrusentation amplifiar which was madse necessary vhen an 11,000 om
resistor (cf. Pigure 5) wvas added to the tharmoelectric circuit to reduce
tha effects of brusk contact, resistance wvariations, The digital multimeter,
shown on top of tha table in Figure 9, is Non=Linear Systems' Model MX-l, - ‘1
This instrument was usadl to calibrate tool-workpiece thermocouples and tha
recorder as wvall as provids a direct readout for cutting temperature eafic.

Initially, cutting tasts were conducted dry. As a follow-on, different
cocolants and concentrations were evaluated to datermine their effect on <
cutting tewperaturs. The test sstup used to evaluate coolants is shown - 1
in Pigures 10, 1li, and 12, In Pigure 10, three carsfully nixed commercial GNOHE
goolants are shown awaiting thair turn to be tested. Each coolant was e
puzped from its container te tha sutting zone by the adjustable flow rate, el
portable pump more clearly shown in Pigure 6, After each coclant was
tested, the pump and lines were vashad cut with wvater takean from the
containery shown, Additionally, water was alsc usad as a coolant.
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Coolants were delivered to the cutting zone via the hose and copper
. tubing nozzle shown in Figure 1l. The valve shown in that figure
a was used to adjust coolant pressura, Ccolant flow was turned on and
- off by an electric switch at the pump motor, The copper tubing nozzle
was crimped as shown in Figure 12 to improve coolant flow to the
- cutting zona. The coolant system was insulated from the thermoelectric
" circuit at all likely points of contact with vinyl tape or vinyl shest
:‘: stook,

Standard carbide inserts and lathe toolholders, as exemplified in Figure 13
(shown on page 18), were obtained from Valenite in three different configu-
rations for the cutting testa. Carbide insexrts of VC-2 grade were obtained
in catalogue numbers SNG~833, SPG~633, and SEG-623J. The respactive
toolholdars abtained for use with these inssrts were deaignated SVRR=85,
SVAR=-835C, and A=SVER-85C, Chipbreakers wers also used to securely clamp
the copper=-constantan thermocouple wires to carbide insarts as shown

in Prigure 13, To pravent chipbreakers from beooming excesasively cocked
by tha thermocouple wires and damaged, a tapexred ralief groove was ground
for tha wires in the bottom side of the chipbreakers, A 0.00l-inch feeler
gage was used to chack and ‘assume that intimate contact was maintained
betwaen chipbreaksrs and inserts.

Tha workpiece, cutting tool, and zll other components of the thermo=
electric circuit were insulatad from the lathe. This was accomplished
with vinyl tape, vinyl sheet stock, and othar electrically non-conductive
materials. An olameter was used periodically to chack the neutrality of
the circuit; and corrections, particularly when coolants ware being used,
wares made as required,

3.3 Thermocouple Calihration Procedurs

Several different methods could have been used to meastre or estimate
cutting temperatures. The thermoelectric technique, illustrated in
Figure 14, 48 considered to be the most accurate methed by far,

. sA 40014 .
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In this method, the cutting tool serves as one leg of a thermocouple;
and the workpiecs serves as the othar. The tool=work ocontact area
: saxrves as the hot junction in the thermoslectric circuit, The emf
l - - genarated tharsby the thermocouple is proportional to the cutting
. temparature, provided the oold junctions are not heated appreciably
above rocm temperaturas,

The laws of thermoelectric cirouits that are applicable hare u.-n
\ swmarised as follows':

1., The emf in a tharmoelectric circuit depends only on the
differance in temperaturs bstwesn the hot and ocold junctions,
and is independent of the gradients in tha parts making up
the system.

. 2. T™e exf genarated is independent of the size and resistance
of the oonductors.

3, I2 che junction of two metals is at uniform temperature, tha

eanf generated is not affected if a third metal, which is at

. the same tampurature, is used to make the junction between
.‘ ﬂaﬂ:um.

e %o % T e C.

. Figune 15, Armagement for Cailbention of Tonk-Werk Thermesruple

. The simplest and possibly the most accurats method for calibrating the

5 tool=wark thermoocoupls is illustrated in Pigure 18/« As shown, the

. most ccuveniant form of workpiece is as a long chip, This will allow the

g cold end of ths chip €0 remain near room tamperature. It is advisable

i to grind the end of the tool to a msall dimmtar to insure unifoxa

. temperaturo and to limit ths gquantity of heat transferyed to the cold : AR

; g of the tool. To furcher assure that the cold end of the tool remains e
. . com. wiRs SA 4081 =34 .":':..:
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I near roam temperature, a lang tool should be used; or possibly, two

N sinilar tools should be clamped together. According to the third law

; above, the lead bath will have no extranecus sffect on the emf measured -
80 long as it remains at uniform temperaturs. The temperature of the -

g : lead bath is measured with a chromel-alumel thermocouple. Temperature-

: enf calibrations for this pair are well known. Thus, the emf generatad
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at different temperatures for the unknown tool-chip pair are compared
with the emf generated by tha known chromel-alumal pair; and calibration
curves for thes tool-chip thermocouple ars plotted, accordingly. Two
typical calibration curves ’ are shown in Figure 16.

. " SA 40814 \
|
R E ;
g / g 4/
i’ 7 i -
3 / i /
.. --/“ 00 1200 0; 400 100 1200
'I'lmm(\"l)'llll (*F) T!Wllk(:)ﬂﬂl (o)

Figwro 16, Temporaturs Calliwation Curves for Low Carban Stosl Agsinst
(a} 18=14=1 HES, and (b) K28 Camented Corbide.

The foregoing method would not be suitable for use with carbide inserts
because tha inserts cold junction would not remain at room temperature
onge cutting had commenced, Neither could the aft end of the toolholder
be nade the cold junction as this would introduce an extranecus material.
Por eithar case, parasitic emfs or erronecus readings would bo geanarated,
To ciroumvent this situation, a method described by Siekmann?, which
combines techniquas daveloped by tha University of Illinois and Massachusetts
Institute of Technology, was adapted for use in this investigation. The
u:l.:cu.tt for the method, shown schematicallyll in pigure 17, vtilizes

a4 copper~constantan thermocouple load attached to the insarts so-called
cold junction, Over the temperature rangs which ths oold junction would
vary, ths tharmoelectric output of copper and constantan with ruspect to
carbide are nearly equal and of opposite polarity. Whan these two leads
are connected to a variable resistor and the outputs are balanced, the
effact of any temperature variation with room tmmperature at the cold
junction will be compansated for or nulled, This method was used to
measure cutting temperatures in this study,

SA 4081 =7
WORKPIRCE ' :
* o : SRUSH (INSULATED FROM LATHE)
CARBION INSERT
INSULATED FROM LATHE
CONSTANTAN
o4
Ry - e  POTENTIOMETIA
3

Figure 17. Compenaating Clrsuit
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To calibrate thermocouplas made up of a carbide insert and a workpiece
macerial for ths above mathod, a technique similar to one dascribed by
Sieikmann? and shown in Figures 18 and 19 was employed. As a first step,
the cospensating circuit to eliminate intermediats act junction potentials -
: at the cold juncticn of inserts was ertablished. In Figure 18, a direct U
B contact to the simulated cutting tip was made with the ideally suited o
» coppere-constantan thermocouple. Next, a 100-olm variable resistor was
. placed in series with the tbarmocouple leads and adjusted so that the

mf generated by tha carbide-copper—constantan thermocouple junction

' not being at room temperature was balanced out to approximataly zero at
all temperstures up to 900°F. Next, the carbide-work thermoccuple was o
salibrated as shown in Figure 19. Thers, ths compensating lead, con= ..
sisting of the coppar=constantan tharmocouple and the adjusted 100-chm
resistor, was clamped to the carbids rod and connected to the millivolt-
meter with a coppar wirs. The other lead, consisting of a long 2014-T652
aluminum chip taken from tha specimen to bs machined, was also cunnected
to the millivoltmeter with a copper wire. Both leads wars immersed in ol

L e el
2 aca el A b

moltan "Carrcbend”, as illustrated. By varying the temparature of the X
path and using a Ghromel-alumel thermocouple for a refurencs, calibration A
curves were determined,
ONIPPING WATER SOURCE 4 CARBIOE RODS SA 4081 S
T0 KEEP THIS JUNCTION BRAZED TOGETHER L ALUEL AEF. = S
AT ROOM TEMPERATURE / ey
X b
L COMPENSATING CU- S
CONSTANTAW ;
- THERMOCOUME L]
punkgL = [ — 1385 vananLe o
cannossnd — | ||’ - DIGITAL b
_.=§ THERMOMETER '
. DRAIN TURE BURSEN
SURNER DIBITAL e
| MULTIMETEN [geman)
Figurs 18. Componmting Cirowit Callbrating "stwp
4 CARBIDE RODS CHROMEL-ALUMEL REF. $A 1001 O
SRAZED TOGENTIR THEAMOCOUPLE | N
X_F__\ { W14-TE82 )
ALUMINUM CHIP s
cuPPER com:trru - R
ﬂu‘mucnun. — L . DIGITAL -
10002 VARIABLE ' THERMOMETER .
RESISTOA aomm- -
s BUNSEN BURNER -
GEAROREND g
1 AT
' E-g—"""' DIGITAL N
q_______JMuLTIMETER

Figure 19, Cachide — Wark Calloration Sotup
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The carbide side of the calibration circuit was made up of four short
VC=2 carbide bars which were brazed together as shown in Figure 20

(cf. Figura 19). Brazing presented no thermoelectric problems, as

the temperature drop across the brazes was found to be insignificant.

The carbide-work=-refersnce junction temperature was not significantly
effected by any thermal gradients in the “Cerrobend" bath as thase ware
all clamped within very close proximity of sach othar and carafully
lowared into the bath by means of double clamps mounted on the iron

stand shown in Pigure 20. The temperaturs of the bath was varied

between 150°F and 950°F; because "Cerrchend” sclidifies near the lowar
value, and aluminum melts near the highar valus. Calibration readings
were taken at SOOF intervals during both the heating and cooling cycle

as indicated in Table I, Millivolt values at asch tuperature wers
averaged to minimizxe any errors attributable to instrumentation response
or thermal gradients. A Honeywsll, Model 2206, Visiocoxder light beanm
oscillograph, see Pigure 21, was used initially to record millivelt cutputs
for the tool=work tharmocouple. However, its uss was terminated when it
was found that the Fluke, Model 2100A, digital tharmomater and the Non-
Linear Systmns, Model MX-l, digital multimeter cculd be ussd to establish
valuas for refsrence and tool-work tharmocouplas, respectively, more
readily and, parhaps, more acuurately. The aluminum chip shown in
rigures 20 and 21, which was shorter and tightly curled originally, was
annsaled to give it ductility., Also shown in Figure 21 are the dripping
watar source and the drain funnel and tube used to kesp the cold junction
of the ocarbide rod in Yigure 10 at room tumperature., PFinally, tha entixe
calibration circuit was electrically insulated from supporting fixtures
and the surrounding woxk area.

TABLE I <« TYPICAL CALIBRATION DATA OBTAINED WITH INSERT
SPG=#) FOR VC=2 CARBIDE/2014~T652 ALUMINUM
THERMOCOUPLE

“NIITIvVolts
Tenparature "Heating XVerage |

©°r up Down

150 —— 0.36 0.36
200 0.68 0.685% 0.65%
250 0.89 0,93 0.91
300 1.19 1.23 k.21
3% 1.49 1.58 1.52
400 1.84 1.87 1.8%
450 2.17 2.19 .18
Q0 2.50 2452 2.51
550 2,88 , 2.86 2.87
600 3.l8 3.19 3.18
850 3.5 3.58 3.54
700 .87 3.91 3.89
7%0 4.2% 4,26 4.26
800 4.61 - 4,62 4.61
8350 4,97 4.96 4,97
900 S.31 5.31 5.31
9%0 5.68 .63 5.66
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To ko most accurate, the cutter and alloy that will be used in a machin-
ing test should also bs uged to calibrate the cutter-alloy thermocouple.
This gensral rule results from the well known fact that slight differences
in the chemical composition of carbide tips or workpiecss can significanc-
ly effect the emf cutput of a tool-work thermocouple.? For this reason,
the carbide rod that was degigned to reduce heat buildup at the cold
junction (see Pigure 20) was replaced with a carbide tip or insert as
shown in Figure 22. There, it can ba sean that the compensating copper~
constantan thermocourle lead has been clamped to the 'cold' juncetion of
the insert. It was found that the wires in this lead would oxidise and
emit false signals if hexted 00 many times. AS a consequencs, the ex-
posed tips of the wires were sanded or clipped after each calibration.
With the chip baing from the tast workpiece, calibrations ware perfomed
with this setup for four SEG-623J, two 8NG-633, and two SPG~633 inserts.
The results, which have heen increased 25% to corrasct for 11,000 ohms
resistance subsaquantly placed in the c¢ircuit to minimize possible vari-
ations in brush resistance, ars given in Table II.

TABLE II « EFTECT QF CUTTER INSERT AND TEMPERATURE
ON EM* OUTPUT OF VC~2 CARBIDE/2014-~T652
THERMOCOUPLE FOR HIGH IMPEDANCE SYSTEM

Millivolts/Insart Number
Tﬂp.:mlm- " SEG=l] SEG=2 | SEG=3 ] SE3=4 | SPG=2 | SNG=1 | SNG=3 ]
) . '
150 0.36 | 0.40 | 0.48 | 0.46 0«45 | 0.46 | 0.46 | 0.46
200 0.74 | 0.79 | 0.84 | 0.83 0.81 | 0.81 | o.84 | 0.83
250 1.09 | 1.18 | .20 | 1.20 1.14 | 1.20 | 1.23 | 1.9
300 1,46 | 1.54 | .64 [ 1,51 1.81 | .36 [ 1,64 | 3,54
350 1.86 | 1.94 | 2.04 | 1.91 1.90 | 1.99 | 2.04 | 1.9%5
400 2.25 | 2,31 | 2.40 | 2.28 2.32 | 2,41 | 2.44 | 2.35
450 2.64 | 2.73 | 2.78 | 2.70 2,73 | 2.85 | 2.88 | 2.74
£00 3.08 | 3.18 | 3.20 | 3.08 3,14 | 3.29 | 3.30 | 3.16
550 3.49 | 3.58 | 3.64 | 3.%0 3.59 | 3.73 | 3.74 | 3.%9
600 3.86 | 4.00 | 4.09 | 3a.o 3.98 | 4.16 | 4.20 | 4.01
650 4.30 | 4.45 | 4.51 | 4.29 4,43 | 4.64 | 4.66 | 4.48
700 4.7 | 4.88 | 4.95 | 4a.70 4.86 | s5.11 | s.11 | «.91
750 5,18 | 5,33 | s.36 | S.08 5,32 | 5.5 | s5.58 | 5.36
800 5.59 | 5.79 | s.80 | s.s1 5,77 | 6.08 | 6.03 | 8.79
8%0 6,00 | 6,23 | 6.23 | s.a9 6.21 | 6.8 | 6.45 | 6.25
900 6.48 | 6,70 | 6.68 | 6.39 6.64 | 6.94 | 6.94 | 6.73
950 6.83 | 7.1¢4 | 7.10 | e.81 7.07 | 7.36 | 7.39 | 7.13
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T As sevants wers to prove, only three of the inserts were used to measure
ri cutting edge tamperatures. Culibration curves for thess three inserts
ﬂ are presented in PFigure 23. There, it can be seen that the curves axe
. linear from about 350° to 950°F. As the curves rise above 950°F and
get into the malting range of alumimmm, they can ba expected to change
and to detericrats. For ccoputational purposes, however, it was assumed
that the curves rasained linear to l200°F. Using linear regression,
equations for thess three calibration curves, whan M™>2.0<8.), ware
found to be:

SR
-

(1) ror SEG~4 Insert

0 = 123 (MV) + 120
(2) Por $PG-1 Insert

] - 115.5 (uv) + 138
{3) Yor SNG~l Insert

0 = 1ll.4 (MV) + 129

wvhare:

] = Temperature, degreea Yahranheait
N e willivolts. -

Slopes and intsrcepts for the unplotted curves are included in Table III.
A compariscn of thase values and data in Table IT indicates that the 3EG-2,
SPG=1, and 5NG=2 inserts have the sama axact chemical composition. The
chemical composition of the SEG-3 insext may bs identical to these, but
the chemical composition of the chemically-alike SPG~2 and SNG~l inserts
is not. Cased on these and simjilar cbservations, it can be concluded
that all the carbide inserts in a standard package do not necessarily have
the same chamical composition and, thersfors, calibration curves. Cali-
bration variaticns, as shown in Figure 23, can produce temparature orrors
up to 80°F. Yor these rsamons, it is important in close tolerance work
that the correct calihration for a given insert be known and not assumad.
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TABLE III - MATHEMATICAL DESCRIPTION OF CALIBRATION CURVES - e
FOR INSERTS WHEN MV >31.0 e

- Property SEG~-1 | SEG~2 | SEG~-3 [ SEG~4 | 3PG-1 | SPG=2 | SNG~1 | SNG=2
Siope (m [19.8 | 114,81 157.0 ] 123.0 | L18.% | 130.5 | 131.4 | 114.6 .o
"Thtercapt (B)] 15! 139 131 | 120 K 138 | .29 138 : .

P coe e .
P G R R L0
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Aftar clamping the aluminum cylindar securely in the lathe with an in-
sulated chuck and combination brush-draw bar dsvics, it was lightly
turned to provide a concentric surface. The tool to be exparimanted
wvith was then clamped in an insulated toolholder so that side or radial
outs ocould be mada. A turzet, box toolholdar was used in this cass to
support the cutting tools so that carbide inserts and tharmocouple wiras
ocould be sxamined and replaced without having to remove the tocol frem
izs holder. The copper-constantan tharmocouple lead was then clamped
to the carbide insert, snd connections at the other cold junstion of the
toolwork thermooouple! i.s., ths marcury vessel, wera completed.

Prior to connecting the thaxmooouple leads to the %~y oscillograph re-
oorder, the recordsr was calibrated. This vas accomplished with the
halp of a variable rasistance, battary powersd, millivelt source and a
digital multimatar. With this squipment, discrets milliveltages ware
passed through the recorder, and thely traces wers recorded as shown in
rigure 24. Whar distances hetween the millivolt traces were measured,
it wvas found that their variation was, essentially, linear with milli-
valt input. As & consequance, an equation was developed to convert
trace displacemant measurements tn millivoleés. In all, this calibration
procedure wvas repsated on four separats occasions for different con-
ditions. Tha calibwation equation deaveloped for use vith the mercury
brush systam and the principal one was:

N = 0.%98 )
wvhere: °
W = Millivolts

A = Digtance between investigated and sero millivolt traces
{cantimaters) . '

Tie themmououple lsads wars connected to the recorder and the whola sys-
tan vas checked with a multimatar, a process that was to ba repeated
several times, to assure that it was insulated from other systems.

To occxmance measuring cutting tempaeratures, the proper faed and depth
of cut were first set on the latha. Afterwards, the lathe was startad)
and the cutting spesd was adjusted to a desired value with a rheostat
control. Just prior to engaging the lathe fsed mechanism, the recorder
and entting fluid, if one ware used, were activated. The tool was than
started and allowed to cut for tan to twanty secands: during which tioe,
the emf (millivolts) was recorded with the oscillograph as exemplified
in Pigurs 25. The average displacemsnt from zero of such an emf trace
was then measured and converted to tamperature with the aid of Pigures
23 and 24 or their corresponding equatiocns. Between each run, it was
oftan necessary to remove a huilt-up-edge (BUE) formed betwesn the cut-
ting edge and chipbreaker. Failurs to do so could have rasulted in an
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; altared cutter Jecmetry or matarial and, therefore, an incorrect tem=
ﬂ perature measursment.

Repeating this procedurs for all investigations, the tamperature output
from the tool-chip thermococuple was detemined for C-2 carbide cutting
tools having side rzakes of -5°, 5°, and 13° and back rakes of =5, 0°,
and 5, respectively, operated at cutting spesds rarging from 100 to
4,700 feet/minute and a feed rats of 0.007% inch/revolution. , Similar
cutting texmperature determinaticns were astablished for a 0.015 inch/
revolution feed rate and for four cutting fluids, one of which was water.
Depth of cut was maintained constant at 0.100 inch on the diamater to
conserve matsrial.

Several rerunz wers required to cover the different brush systems and

electrical systems used and to substantiats paradoxial data cbtained

from the cutting f£luid studies. Additionally, aluminum, being a ma-

tarial that tends to gall, seize, and weld, proved troublesome from the

standpoint of reproducing cutting temperature data. To provide enough

material to complets the study, two forged 2014-T652 aluminum cylinders,
approximataly 20 inches inner dismeter by 22 inches ocutex diameter by g
12 inches long, were procured. JNoth cylinders wers fabricated from the -
gana mill run to insure uniform chemical and physical properties. Data
reproducibility among the various systems was found to be good after cb-

vious discrepancies were eliminated. In the final atalysis, only data v
developed with the mexrcury bruash system was used. Reproducibility with ]
this system was found to be within approximately plus or minus 0.3 -]

PERY PP PP By

millvolt (+30°F). e
3.3 Bifect of Speed and Geomet»y on Cutting Tesperature '

LR
pPRIPIPY ¥

The change in cutting edge tamperature with cutting spesd is shown in
Figqurea 26 for three different lathe cuttar geometries. The curves in
that figure have bean normalized to the extent that esch was plotted on
log=log paper, and the mathematioal expression for each vam determined ved
N by linear regression. The squations thus derived wera used to help con- .
F struct the curves shown in Fiqurs 26 and are superinposed thereon for -
N refereance. Also suparimposed on that figure is the melting range or
spectrum for aluminum and its alloys. FPFrom that axpanded plot, it is

sesn that each cutting temparaturs curve tends to pesak near the melting

| point of aluminum. This is partly understandable, because it would not
+ bs axpactsd that the cutting tempexaturs of a matarial would exceed its
malting temperature. The fact that one of thea curves appears to pass
through the melting range can probably be axplained by one of two rea-
sons. PFirst, the malting temperatures of the particular alloy used in

this investigation may have been wpproximately 1,200°F, Secondly, data
points for that portion of the curve lying above 950°F wers calculatad

by extrapolating calibraticn curve data (cf. Fiqure 23), a dubious pro-
cedure at best; therefore, the slope of that portion of the curve lying

in and above the melting range may need to be corrected downward. In

any event, thesa curves and melting spectrun tend to indicate that the
cutting temperaturs for aluminum alloys will probably never excesed 1,200°F.
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Previously, Datsko!! had found for a wide range of materials that the
ri cutting velocity producing a 60-minute tool life (vso) with high speed
stael (HSS) cutters would generate a corresponding cutting edge tem-
perature of 975* + 25°F. Similarly, for a cutting velocity yielding a
20-minute tool life ‘Vzo’ + the corresponding cutting edge temperature
would be 1,025* + 25°F. At a cutting edge temperature of 1,200°F, tool
life would, by extrapolation, be approximately O.S5-minute. Based on
. . these and the above obsexrvaticns, it was concluded that: (1) since v

’ ' aluninume is noxmally turned with cutters having the gecmetries shown .
in the lower two curves, carbide cutters, 1f not HSS cutters, can with- o
stand the cutting edges temperatures developed when machining aluminum j
. alloys at very high velocities, and (2) a slight change in cutting edge o
o texparature; e.g., S0*F, can have a significant effect on cutter lifas. T

Each of the curves in Figure 26 follow another similar pattern. That
ig, the cutting temperatures associated with each rise sharply betwesn
cutting speseds of zeroc and 250 feet/minute, moderately between cutting
speeds of 250 and 1,000 feet/minuts, and slowly batween cutting speeds
of 1,000 and 5,000 feet/minuts. Additicnally, the two lowat curves
appear to be trying to platsau or lavel off at cutting spesds bayond
1,300 fest/minute. At that cutting speed, the corresponding cutting
edge tamperaturs for each reaches 80% of tha value it attains at 5,000
fest/minute and 708 of the value it would probably attain at 10,000
fest/minute. Thus, it was concluded that momt of a cutting edge tem-
peraturs rise ccours at low rathar than high cutting speeds and that
this is one featurs or characteristic which does much toward cpening
the door to high speed machining. -

UL W £ 5 i Y W)

P

The platsauing effect cbserved for the curves in Figure 26 suggested
that cutting edge temperatures may ceasa to rise onca corresponding cut-
ting speeds have reached some unique, high velogity. This concept was
explored with the lower curva in Figure 26. Thezs, it was asaumed that
the cutting edge temperaturs would continue to rise slowly toward the o
melting temperatura (1,200°F, naximum) of the aluminum alloy. Using
the equation for this curve and axtrapolating, the theoretical cutting
speed that would generato a cutting edga tsmperature of 1,200°F was
found to be 19,600 fest/minute. Beyond that cutting speed, it would
not be reasonabls tn expect a furthar cutting edge temperaturs rise;
because such a ragultant cutting edge tamperature would have to excsed
the melting temperature of the aluminum workpiece, an unlikely occur=-
rence. Since it is unlikely that cutting edge tamperature will increase
beyond 1,200°F in this case and this temperature is reached at a cut- o
[~ ting speed of approximataly 19,500 feet/minuta, it was postulated that
L thera is a unique csutting speed at which cutting edge temperaturss ceasa
to rise. If this be the case, saveral interesting possibilities arise. R
&. . For one, it would be theoretically possible in this example to continue -t
tuming at infinitely higher speeds than 19,600 feet/minuts, because
there should be no further rise in cutting edge temperatura and, there-
fore, no further reduction in cuttar life. Ancther interasting possi-
bility involves cutter geomstry. The cutter gecmetries representad by
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- the top two curves in Figura 26 should, based on the curve equations,
1 generats a cutting edge temperature of 1,200°F at cutting spesds of
i approximataly 4,500 and 13,000 feat/minuta. At cutting speeds below
o 19,600 fest/minuts, both these cuttar gecnetries should yield shorter
= tool lives than the cuttar gecmstry rspresented in the lower curve; be~
cause both would generata higher cutting edge temperatures. Conversely,
' for all cutting speeds in excess of 19,600 feet/minuta, all three cut-
l tsr gecmetries should gensrate the same upper limit, cutting edge tem~ .
- perature of approximataly 1,200°F and, theoretically, the same tocl life. t
However, thare ars other factors-which effect tool life besides cutting

ture. One of these would be cuttsr strength, and it would not be
surprising to find that the supetior strangth offared by tha cutter
gecmatry for the top curve would lead ©0 a supsricr tool life when all e
are operatad at autting speeds above 19,600 fest/minuie. Similarly, -t
the cuttar gecmatyry for the middle curve might yield the next best tool v
life. Thus, in effect, it may be found that the influance of cutter L
geametzy on tool life tands to raverse at cutting apeasds near that at
which cutting edge temperutures caasa to riss and that there may be
tradecffs At lesser speads. While 00 reversing trend (cf. Pigure 4)
. for cutting edge tamperatures was cbserved in this limited velocity .y
B study, the platssuing effect that was evidanced suggests that such is .
. possible and that infinitely high cutting speeds are Zeasible for e

alumizum alloys.

Tha influmwce of cutter gecmetyy on Providing cutting edge temperature R
relief is rlearly demonstrated in Figqure 26. As shown in that figure e
for a cutting speed of 5,000 fest/minuta, cutting edge taxpsraturs was —_—
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B

dereased Sim 1,230°7 to 1,003°F to 920°F by switching from a double

negative zake (=5° back rake (BR), =-8° side xaka (SR)) cutter tov a

positive zake (0° BR, 5° OR) cuttsr to 4 double positive rake (3° AR,
o . 13¢ sR) cutter, respectively. Based on tha Datsks findings reported e
i . above, these cutting temparsture isprovemants would be expectad to in=~ ,__}
e S

I A
PPN S Y

areass tool life for HiIS cuttars from nil to well over 60-minutes.
When cutter geomestry data in Figure 26 were converted to effective (trus)
zake sngles and raplottad as shown in Piguze 27, the sffact of cuttsr
gecmetry on cutting tamperature becams more meaningful. In the latter
figure, it is sean that cutting edge tsuperatures daoresse as e¢ffactive
zaks andlaes are incressed. However, incrsasing effective reke angles
» has ths adverss effect of weakening cuttsrs. Thus, to the extsnt that
S adequate cutter strangth is maintained, it is evident from Pigure 17 SR
that cuttar gecmetry can be progressively manipulatad to increase tool L
life by reducing cutting edge tamperatures.

Since end aills genarally have effective rake angles ranging from 10° .
to 34°, it can ba concluded from Figurs 27 that this type of cutter will e
produce minimal cutting edge tamparatures. Additiomally, milling cutter
tasth can oparata at significantly highar psak temperaturss than can e
a lathe tool’, This happens bacause the rest pariod that abtains betwsen e
cuts in an intermittant operation such as milling allows the temperature
to drop very rapidly whan cutting ceases. Based on thesa and Datsko's

abservations, it was concluded that aluminum alloys can be satisfactorily
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. mnilled at cutting speeds to at least 5,000 feet/minute with high spesd
. steel end mills and no cutting fluid. While this conclusion subse-

E quently proved to ba substantially correct, it wes found that cutting
fluids which help maintain cutter clearance, by minimizing aliuminum
kuildup on cuttar clearance argles or flanks, improve the life of end
. ' aills appreciably.

Effect of Yeed Rats op Cutting Temperature

The variation in cutting temperaturs with feed rate is shown in Pigures
20 and 239. As hefars, the curves in both plots wars normalized to the
axtant that log-=log or linear plots were made for each, and mathematical
exprassions wers dsterained for all by Jinsar regression. In turn, the
darived eguations were used to halp construut the curves and wers super-
izposed on the plots along with the melting range for aluminum alloys.

It is seen in Figure 20 that feed rata aoes not have a large effect on
cutting teamperaturas for aluminum alloys. For iastances, lowaring the
fead rata 0.00) iach/revolution will snly reduce cutting tsmperatures
about 12°F, or cutting tha feed zate in half will only reduce cutting
teparntures about 100°F. While this does not appear to be much of a
reduction, it should be remembezred from Datsko's work that a 30°PF drop
in cutting temparature can triple cutter life, a worthwhile gain. No
eXact reason cam be given for the data scattex shown for feed ratas be~
tween 0.006 and C.0075 inch/revolution. These pointa ware established
first, and it may ba that the recording systsm had not become stabilized
yet. In my svent, it is balieved that the scattared data points are
invalid and that the linear data points are correct. The rasulis of
this stady demonstrata that some cutting tesperaturs relief for aluminum
alloys can ba acbtained by reducing feed ratas at normal cutting speeds.

Tha platsauing effect chsexved for the curves in Pigure 26 is sessn again
in Figure 29, whers changes in cutting tamperature with cutting speed
are shown for feed rates of 0.0075 and 0.015 inch/revelution. Again,
both curves tand to peak near the melting point of aluminum and to platsau
at cutting speeds bayond 1,500 fest/minuta. The heavier (0.01% inch)
feed rats curve platesus fastar than the lightear (0.0075 inch) feed rata
curve, and the two will converge near the melting point of the aluminum
alloy. Based on the curve equations and Pigurs 26 results, the two
curves will converge near & qutiing tampsiatuve of 1,200°F and a cutting
speed of 19,000 feet/minuts, the theorstical points in thiz instance at
which cutting temperaturas cease % rise. If this be the cass. doubling
the feed rata at cutting speeds beyond 19,000 feat/minuts may not have
any furthar effect on cutting tamparatures £0r sluminum alloys) and this
would zaise another intsresting possibility. That is, to the extant that
a cuttar material vhich can withstand a 1,300°T tsmperatura and adaquats
cuttsr strangth, machine rigidity, horsepower, jig and fixture strangth,
and et Cetara are provided, it would be thuoretlcally pomsible st cutting
speeds beyond 19,000 fest/minuta to continue turning aluminum at infi-
ritaly higher feed rates than 0.0075 inch/revolution. Such a capability
would graatly improve metal ramoval rates and would be mads possible
because thare would be no further rise in cutting tsmparaturs and,
thexefora, no furthar reductions in suctar lifs at such speeds and feeds.
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3.7

3!8

Bffect of Cutting Fluids on Cutting Temperatures

All of the cutting adga temperature studies above were conducted with~
out cutting fluids. While no prohibitive thermal restraints to the
high speed milling of aluminum alloys surfaced as a result of dry cut-
ting, it was decided to ascertain what cutting edge temperaturs relief
cutting fluids might provide. In line with that investigation, it was
also decided to evaluate cutting f£luids in the hope that one cutting
fluid might provide superior cooling to the others. The cutting fluids
selacted were Codol 0741 (Stuart Oil Cczpany), Coolant B, and Coolant
¢ (names available upon request). Of these, Codol 0741 was the gut-
ting fluid then used at Vought Corporation. Rach of these cutting
fluids was mixed with water at a ratio of 1:30, as recoumended by the
respective manufacturers, and applied as a flocd coolant {(cf. Figure
10). Tap water wvas selected as a reference cutting fluid and vas
tasted along with the other thras cutting fluids.

Variations in cutting edge temperaturas with cutting speed and the Cif-
ferent ccolants ars given in Pigures 30 through 33. PFor comparative
purposes, variations obtained when no cutting fluid was used are pre-
sented in rigure 34 (¢f. Pigure 2¢8). Again, linear regresaion was used
to cbtain a matheamatical expression for each curve. Unlike the plots
obtained from dry cutting data, the plots for the cutting fluid data
ware linear up to a cutting speed of approximataly 1,500 feat/minute;
at wvhich point, the curves changed directions and wers again linear.
For this reason, mathematical expressions wers developed for both lags
of thess curves, as well as the whole curve. The results obtained
from all of these analyses are sumarized in Pigure 3S.

It is seen in Figure 35 that the commercial cutting fluids diad not
prove to be effective in this study for reducing cutting adge tan-
peratures. Whila such a result is still Aifficult to accept, none of
the efforts made to reverse it, including installing a mercury brush
system in the thermoelectric circuit, wers successful. Water was the
only bensficial coolant found among the three commercial coolants as
can be deduced from the table superimposed on FPigure 35. Valuss shown
in that table were derived with the statistically developed cutting
temperature equations which were also suparinmposed on the figure for
convenience. These equaticna should compensate for sdme of the inherent
inacouracies (about +30°?) of the thermcelectric measuring system. Of
the commercial cutting fluids, Codol 0741 appeared to be the best cool-
ant, and it was closaly followed, in turn, by Cocolant B and Coolant C.

Conclusions

Since aluminum alloys malt at a temperature between 950°F and 1,180°*F
and the cutting edge temperaturs curves developed in this study tend to
peak in that range at high speeds, it is predicted that 1,200°F will he
the approximate upper limit for cutting edge tamperatures when machining
aluninum alloys. Several cutter matsrials exist which can withstand that
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kind of temparature; and cutter geometry and feed rates can be manipu-
lated o provide scme cutting temperature ralief, if needed. Addicional-
1y, intsrmittant cutting and, perhaps, cutting fluids can be used to
provids further cutting temparature zelief. Based on these cSbservations,
it vas concluded there are no uncorrectable thermal restraints which '

probibit the high speed machining of aluminum alloys.

Theorstically, aluminum has a critical cutting speed; beyond which, there
is no further incrsase in cutting temperature. If this cutting speed
can be reached and surpassed in a practical senss, it will open the way
to vastly improved metal Temoval rates for it follows that: (1) cutting
spesds can be infinitsly increassd, (2) fesd ratas, baing directly and
indirectly linked to cutting speeds, can be infinitaly increased on both
acocounts, and (3) optimm cuttar gecmatry configurations will ruverse
from a high shear to & high strength mode with attendant sconomies.
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4.0 CUTTING FLUID CPTIMIZATION TESTS

4.1 Incroducticn

Cutting fluids are not always zsquired for the machining of aluminum and its
alloys, but their use is nearly always beneficial and recommended. At low
cutting speeds, the lubricating action of cutting fluids lmproves surface
finish by reducing friction, huilt-up sdges, and tearing of machined surfaces,
At high cutting speeds, thy cooling action of cutting fluids improves tool
life by reducing cutting tamperaturs. Furthermora, at excessive cutting
speeds, both the cooling and lubricating actions of cutting fluids improve
Jurface finish and tool 1life by alleviating incipient welding betwesn hot
chips and cutters and curbing high cutting temperatures., While the heat
ganerated by aluminum machining is relatively low, the use of cutting fluids
is, none the less, recommended; because these will improve the already good
machinability of aluminum through reduction of friction and cooling.
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Thare are other advantages to using cutting fluids in high speed machining
oparations. One of tha more important advantages is thought to be the
improved chip control provided by cutting fluids., Aluminum chips, newly
formed at high cutting spesds, are very hot and wildly tossed abcut the
machining aresa. Such chips, which can burn machine oparators and cause
othar discomfort, can he cooled and suppressed with multie-nocazle high
pressurs, cutting fluid systems. This and lessar systums can also be used
advantageously to flush or wash chips free from cutting areas. PFinally, a
list of advantages for using cutting fluids would includes

. .
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a. Protact finished part surfaces from coxrosicn -
b, lukricats machine-tcol slideways
g, Lower cutting force requirements
d. Lower part temperature

e. Improve dimensional stability

2, Closer tolerances
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Cutting fluids for aluminum generally fall into one of the following class-

ifications:
b .
*' a. Mineral oil
: b. Emulsions
5 ce Chemical solutions

1
-,

There are a number of good cutting fluids availabla from any one of these
categories with which to machine aluminum. Each has its advantages and
disadvantages, and a problem arises when the time arrives to sslect one.
Many times, a trade—off has to be made; e.9., Selecting a cutting fluid
with leas cooling capability to avoid using one that stains, contaminataes,
inhibits welding, is expensive, is toxic, lowers machinability, induces
stres~ corxosiocn, yields uaccsptable surface finishes or dimensions, oxr
produces same other unacceptable disadvantage. When a cutting fluid has
been sslected for a process, it must undergo considerable tasting to prove
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ﬂ that it is both econcmical and safe to use. Z2ven then, it ,'|;Ls not un-
camon for scme production problem to be traced back, months later, to
ths cutting fluid being used. PFor this reason, it is considersd to be
both risky and expensive to switch to a new cutting fluid; and, there-
fore Vought will continue to use its current cutting fiuid as a base
while testing othears. The purposs of this investigation was to identify
and substantiats at least one acceptable cbolant method for the high-

speed machining of aluminum alloys.

4.2 Application Nethod '

To be effective, cutting fluids must reach the cutting edge of tools.

This msans that a cutting fluid must be correctly placed, rather than
randomly dirscted, to ever reach ths tool-chip intarface. At high cutting
spaeds, this reqgiirement becomes mcre difficult to achieve. Like the case
fov grinding whaals, cutters or workpieces turning at high speeds tend to
£an, blew ar hurl the cutting fluid awvay from the cutting edge; and it is
Qquestionable if any cutting fluid ever gets to the tool=ghip interface.
Thera are several basic methods for applying cutting fluid to the cutting
sone, and each of these can ba furthsr divided into sub-methods as illus-
tratad by the crimped nozxle applicator in Pigure 12 for the flood ap~
Plication msthed. BEach method has its advantagas, disadvantages and
econamios; and those discusssd below wars investigated for the purpose

of mcunq tha cns bast suitad for general high=speed machining op=-

Y .

4.2.1 Picod Application Wethod

Sinoe flooding is tha most common method for applying cutting fluids, it
vwas the first to be investigated. Most producticn machine tools, include
ing the Sundstrand Omnimil and the Bullard Vertical Turret Lathe used in
this program, are equipped with a flcod coolant system. This systmm
normally consists of a low pressure pump and a network of pipes, valves
and nossles through which a cutting fluid is delivered from a sump to the
cutting zons. Generally, the cutting fluid floods the tool, chip and
work and then drains into the chip pan; from whencs, it returrs to the
sump pump and is recycled. The low pressura pump on the Gmmimil is _
* shown in rigure 36 along with a high pressurs pump that was inscalled ‘

as a bagkup should such be nesded to furce outting fluid into tool-chip Ty
intarfaces. The high pressure pump which could put cut 75 psi pressure R
and a flow rate of 20 gallons/minuts through a 3/4-inch pipe was not e
aeeded however, as the low pressure pump proved to be adequate for de- SR
livering proparly placed cutting fluid to toolw-chip intexfaces. At R
timas, the flood mathod appeared to be too adequats; becauss on such -
occasions, a choking mist was gensrated about the Cmnimil by a combina-
tion of a fast turning cutting and a copious flow of sutting fluid.
For that reason, the flood application method is not ganerally recom=
manded for high-speed machining with end mills ov er 1.0 inch in di-
amgtar.
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4.2.2

4.2.3

N1g9 e

Pigura 38. Cutting Pluid Pumps on Omnimil

Mist Application Methed

The probhlam of introducing an offensive vapor mist into the atmosphers

is also a limitation for this application method. However, the DPressure-
fod type mist gensrator on the Sundstrand Omnimil was found to produce a
lese offensive vapor miat than the combination of laxge, fast turning
cuttsrs and flood applications. Additionally, tlis pressure~fed generator
delivered encugh lubrication to cutting edges to minimizeechip build-up
on cutter flanks. For thesa reasons, and becauss ths mist application
method provided superior cooling, it {s the method VYought generally
recommands for high-speed end milling operations when one is requized.

Manual Application Msthod

Soma dramatic results were obtained when films of cutting fluid or tapping
compound wers brushed on parts to be high-speed machined. Machine loads
were ocbsexved to drop as¢ much as 19% on such ccocasicns, However, this
nethed of application was found to be too expensive and unsafe for ganeral
usage. .
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4.2.4

4.3

4.4

4.4.1

.....
------

Electrostatic Cooling Method

This method of cooling may yet find applications in high-speed machining
for such materials as titantium steel, and supar alloys. It is & low cost
method which, according to ths survey made, reduces ths temperature of a
heatad object immediately when an alectrostatic field is applied to the
object. This method was proposed but not investigated, because the highe-
speed machining of aluminum 4aid pot prasent any difficult cocling problems.

Salection of Candidate Cutting Fluids

As mantionad in paragraph 4.1, ssiecting an optimum cutting fluid is diffi-
cult; bucause thars ars such a large number and varisty of cosmercially
available cuttifig fluids from wvhich to choossa. PEach of thase would have
its advantages and disadvantages, and it is doubtful if all could ever be
evaluated within the scope of a given program. For that reason, cutting
£luid testing is generally limited to a faw selected produsts which have

a good potential. In this instance, tha application methods established
in paragraph 4.2 reduced the number of candidate cutting fluids by tending
to linie selections to emulsions ©F water soluble oils. TFoxr these reasona;
thes cutting fluids selected for evaluation in this program ware limited tos

KAME MAIUF ACTURER
Codol 0741 Stuart Oil Company’
Coolant 3 Anonysous*

Conlant ¢ Anonymous®

Spacifically, Codol 0741 was selected because it was the cutting fluid then
beaing used at Vought for aluminue machining applications. Coolant B was
salected because it was used at Vought on occasions and was known to have
good compatibility with aluminum. Coolant C was selectad bacause it was

a relatively inexpansive, premium cutting fluid,

Qutting Frluid Evaluation

Suttipg Temperatuze Tests

The results of this investigation are reported in detail in paragraph
3.7 and are summarised in Pigure 33, Zasentially, none of the salected
gutt:l.w fluids appeared to lower cutsing tamperaturas, while water 4id,
Abbreviated tests made with leanear concentrations of the cutting fluids
and spray mists did not alter thosa results significantly. - As a con~
ssquance, the salected cutting fluids werse considersd to be overactive
and better lubricants than coolants. Since water did not lowe= cutting
tamparature appreciably at high spesds, it vas felt that no other
egononical cutting fluid would either and tasting was discon.inued.

A
"Namas supplied upon request.
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: Of the cutting fluids testced, Codol 0741 appeared to be the best coolant,
a and it was very clesely followaed, in turn, by Coolant B and Caolant C,
respactively.

e T

4.4.2 Surface Finish Tests

Surface finish tests were conducted on a lathe with A setup like that

. shown in Pigure ll. Using a cutting speed of 2,410 feet/minute (447 rpm),
a feed of 0.007% inch/revelution, a radial depth of cut of 0,035~inch, and N
8MG~6237 carbide inserts, a cut approximately 3 inches long by 20.6 inches e
diameter was made with no cutting fluid. The feed mechanism was then
disangsged and the tap water cutting fluid (cf. Figure 10) activated. The
feed mechanism was then re-enguyed, and anothar cut approximately 3 inches e
long was made using water as a cutting fluid. Similarly, 3 inch long by w
20.6 inches diametar cuts were made using the selected commercial solutions, I
mixed 1:30, as cutting fluids., (Note: The hose and noszle through which Ce
the cutting fluids were pumped wers rinsed with water at the conclusion cf
each test to prevent one ocntting fluid from mixing with ancther). After S
concluding this saries of its, the Al 2014~T652 workpiece was removed from

l':
X
oL
M
‘ ~
-
)
.

the lathe, and the generaiLsd surfaces were measured with a Taylor-Hobson i

Surtronic 2 profilometer. The as-measured surface finishas obtained wera: o

SURFACE

CUTTING FLUID FINISR (RMS) :,-:?_-.'_

( Dry | 40=44 S
Watar 40-44 —

Cooclant B 39«41 :..,‘
Codol 0741 38-40 BRI
Coolant C 40~42

Again, little differance was noted in the results produced by the three
compisxrcial cutting fluids,

4.4.3 I.agr_g;%u corrogjion Tagts

The purpose of this tast was to detsmmine if any of the candidate cutting
£luids (Codol 0741, Coolant B, Coolant C) had any detrimental chemical effects O
on aluminwa alloys A3%6, 6061 and 7075 by psrforming ambient t-npu'nt:urc
stress corrosion tests for the nine combinations,

The hardware used in conducti.nq the stress corrosicn tasts was the following:

a. Test Spacimeans: All test specimen dimensicns wers 0.25-inch
thick by 0.75=inch wide by 10.0 inches long. The A356 specimens
. were prepared from a Lance missile G&C Shell, and the 6061 and 707S
specinens were prepervd from plate material, All materials were .o
in the 76 tamper.

b. Stress Corrosiun Fixtures: The nine test fixtures were made of
aluminum and conformed to Figure 37 dimensicns. These fixtures e
wers previously fabricatsd by Vought's Engineering Test lLaboratory )
in accordance with TR 66~52210~061. - ey
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- T0 STRAIN CEA=13-125 UN=120 SA s0818
1 INGICATOR STRAIN GAGE
A TEST SPRCINEN -
'. (A3:8, 6081, 7978 ALUMING
; .25 THK x 0.76 WiDE x 18.8 LONG N,
Lo FIXTURE o2t
e ALUMIEUM
. s0LT

Figws 37. Sesess Corvonion Test Fixture With Spesiaman lnssalied

c. Candidate Tegt Coolants:

Adequats quantities of the threa amé.idl.u cutting fludd
satarials wore aixed 1:30 by volums with tap watar. The
fluids exhihited no unpleasant odors after mixing.

L Suk i A A
PR KA

Each test speciman was strain gaged, using CEA=125=UN=120 strain gagas,
These strain gages were applied at the center location of test specimens,
as indicated in Pigurs 37, and connected to a strain indicator. After
taking a no=load reading, a speciman was placed in one of tha stress
corrosion fixtures and then stressed, using tha 1/2"-20 bolt (cf. Figure
37) and the astrain gage indicator, Stress was applied until tha specimun :
was at 708 of the yield strength literature valuc. The strain data used G4
as a guidelins in applying 708 stress levels to tast specimens are given .
as follows: .

Tast Yield 70% vield Modules Of strain @ 708 S
Spaciman Strength Strangth Elasticity(E) 9 S .o
Matsrial (PST) (PSI) (PSI) . Strainw —Eﬂ- .
A356=T6 28600 19€00 10.4 x 106 1885 u in/in

6061~T6 38000 26600 9.9 x 10° 2687

707516 62000 43400 10.3 x 168 | 4213
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' The strain gage was then removed, and the specimen and fixture were submerged
approximately l/4=inch in one of the three fiberglas tanks which contained

. the test coolants., This same procedure was used in preparing all eighteen (18)
specimans for tasting.

e v o
-

i
e
»

In the first half of the tests, nine (9) of the eightsen (18) spacimens, -t
consisting of gix (6) A3%6 and three (3) 7075 specimens, wers submerged in Co
the threae tanks of cutting fluid. Of these, two (2) A3S6 and cna (1) 707%
spacimens wera placed in each tank ¢? cutting fluid. The specimens were

allowed to remain exposed in the coclants (with the top of the fiberglas

tanks covered) for 30 days. After the axposura was completed, the spacimens o
and fixtures were removsd from the fluids, water rinsed; and the spacinens N
wers metallurgically sxamined. The metallurgical examinations revealad that .

no gtress cracking or corrosion hed occurred to any of the A3S6 or 7078
alunminum specimens. Tha only effect noted wias that some darkening of the
specimans had occurred and was more predaminant on the A3%6 than the 707S
specimans. Figures 38 through 40 poxrtray the post-test condition of the
test specimens. Examination of the coolants showed that the Coolant C ex-
perienced scme breakdewn and exhibited lumpiness and an unpleasant odor.
The Coolant B and Cadel 0741 fluids 4id not exhibit any breakdown and did
not have any lumpiness or unpleasant odors. Figure 41 shows the condition
of the fluids after 30 days.

HOH 44 408142

R EPTEE PN LR U el

Figurs 30. Condition of Twe AJ%8 and One 7078 Aluminum Stress Carrosion
Specimens After 30 Oays Expesurs ta Coulant C
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: B oN Asesrecivens. B
0 MR SLIGHT D1SCOLORATION Y
S OCCURRED ON 7075
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) Figers 30. Condition dmn-unu Ome Al=T078 Stses Corrnaien
_ . Spscimens After 38 Days Expecure w Codol 0741 oA 4081 =84
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Figure 40, Conditian of Twes Al=350 and 0- Al=T7073 Strem Corresion
Spenimons Aftar 30 Davs Expaware to Cuslam §
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Figurs 41. Conditians of Candidete Coolents After 30 Days

ool

4
The above procedure was then repaatad for the nine (9) ramaining speacimens
whish congisted of six (6) 6061-TE€51 and three (3) 7075-T651 spacimensa. All
of these specimans were strussed to 70% of .yield strength, placed inte the IR
thrae (3) 30~day old tast fluids, and allowed to ramain for thirty-six (36) e
days. After the exposurs was completed, the samples were removed, rinsed :u;;
with water, and metallurgically examined. The metallurgical examinations o

revealed that no strass cracking or corrosion had occurraed to any of the -
6061 or 7075 aluminum specimens. Figures 42 through 44 portray the post- S
test condition of the specimans. Examination of the coolants after sixty- S
six (30 + 36) days showed that Coolant C had excessive.bresakdown (uniform e
lumpiness and very unpleagant odor). Socme lumpiness and odor wara noted SR
in the Codol 0741 and, to a lesser extant, Coolant B fluids. Figuxe 45

shows tha condition of the fluids after gixty-six (66) days. o

Tho results of thase tasts revealed that all three fluids were compatible
with aluminum and safe to use when machining that material. The results
also indicated that Coolant B, followed closely by Cedol 0741, had the
greatest resistance to bacteria growth of any of the three fluids. Ad-
diticnally, the results showed that Coolant B would be lass likely to stain
any of the tested aluminum alloys.
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Figure 42, Condition of Twe Al=8081 sad Ons Al=7078 Swess Corrasion
Spssimont Atter 30 Days Exposure ty Cosiaat C
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Figura 41, Condition of Twe Al-8081 sud One Al=T7U78 Strems Corvesion
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Figure 45, Condition of Candidete Coalants Atter 88 Days




4.4.4

4.5

Cost Analysis

Pricing requests were submitted to local distributors of the three candidate
cutting f£luids by Vought purchasing zgents. Prices cbtained for the three
fluids in varying guantities ware as follows:

Qutting ' 59 10=-19 2039 Over 40
rluid Drums Drumns Drums Rrums
Coolant B “.79/9]1. ’“074/9.1. 4, 69/9‘1. 84.64/gal.
Codol 0741 4.01/gal. 3.95/gual. 3.89/qal. 3.83/gual.
Coolant ¢ wmm— 3.63/gal. L o=

T be fair, a cost analysis would have to include indirect costs as well as
direct costs. This would include such entrias as cost per gallon, rsplenishe
mant cost, cutting fluid life, cost of additives, filtration costs, maintenance
costs, product improvement, producticn rate improvemant, tool life iLmprovement,
and othars. An analysis of that magnitude was bayond the scope and, psrhaps,
time fruma of this program) tharafore, none was made. However, bassd upon

the above prices and Figure 45, it is conceivable that Codol 0741 would be the
least expenaive cutting fluid,

Conclusions

Other tests; ea.¢., Machinability, dexrmatitis, and toxicity could have been
performed, but it was felt that the results 80 obtained would not significantly
alter any rankings establiashed by the foregoing testa. Bassd on tha results of
thoss foregoing tests, none of ths candidats cutting fluids wers found to be
overall superior to Codol 074l. Therafore, Codol 074) was considared to be

an acceptable cutting fluid for high speed machining applications; and it wvas
selected for use in the ramainder of this proyram,
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5.2

5.2.1

5.0 MODIFICATION OF EQUIPMENT

Introduction

The state-of-tha=-art existing at the time of this program limited high
speed machining to only a few of the saveral machining processes.
Those that employed a raevolving spindle rather than a revelving work=
piece offared the most potential for high speed machining applications.
Yor instancs, it could be hasardous to attempt to turn an unbalanced
part on a lathe at 4,000 rpwm; vhersas it would present virtually no
problem to turn a milling cuttar at that speed. Additionally, there
wers no known reciprocating machine tools capable of producing high
cutting speeds except those utilizing ultrasonic vibration; and ultra-
sonic vibrations wers too weak to drive even a modest-size tool or
workplece. Por thess reasons, high spced maching procass salsctions
wars limited to rotating spindle type machine tools.

To provide a high apeed spindle capability, a Sundstrand OM-3 Canimil,
S-axis, N/C machining center and a Bullard VTL, 3~axis, N/C machine
vare retrofitted with high speed spindles. Additionally, safety
features and other provisions had to be incorporated into these new
high speed systams. These modifications, which provided high speed
end milling, drilling, and turning facilities, are described in more
detail below.

omnimil OM=3 Mac C

Views of the Omnimil before and after modifications are pressnted in
Yigures 46 and 47, respectively. The work ares for the modified
Oomnimil is shown in Pigure 48. In making these changes, it became
necessary to give up the automatic tool changing and pallet (part)
changing systems shown in Pigure 46. As a result, the productiviety
of the machine was greatly reduced. The principal modifications made
for the Conimil are discussed in the following subsections.

Safety Chip Guard ‘
The houaing shown built around the worktsble in Figures 47 and 48 was 1
installed primarily to prevent high velocity objects: e.g., broken .

cutters, from striking and injuring scmaone. Thia protective enclosure R

was effective the only time it was tasted and also caught many of the
chips produced when machining.

The housing was of laminated construction, being formad from four-
layers of 0.062-inch thick 7075~T$ aluninum that wvas subsequently
riveted together. In front, it had a sliding section which provided
access for loading and unloading parts and tools. The top of the en-
closure was made of plexiglas to maintain better illumination in the
work area. PFour pullepina wers provided for attaching the structurs
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Figors 88, Work Ares of Madiied Omminil
{
' to brackets mounted on the worktable. When desired, this non-permanent =
housing was easily removed from the machine by an overhead hoist. o
Overall, the housing was approximately four feet high, four faet wide, .
and eight feat long. R
b, -
F 5.2.2 3zyant High-Speed 8 syst
| %%
The high speed spindle shown in rigure 49 was designed and manufactured -
by the Bryant Grinder Corporation. It was designated as Spacial Bryant .
Model H-914~VC, motorized spindle and had the following characteristics:
L a. Speed range of 10,800 rpm to 20,000 xpm,, infinitely variable.
} b, Horsapowsr rata of 20 horsepowex at 20,000 rpm, L0 horse-
power at 10,800 rpm, pesk for intermittent service. -
G. Milling tool holder, Number 30 Standard M.M. taper, manual ”
tool changing.
4. Spindle bearings, ABEC Grade 9, precisicn ball with oil-air
mist lubrication. . -
e. Spindle motor cooling, water with alr-to-water cooler.
L. Spindle housing dimensiocns of 6.63 inches diameter maximum
N by 13.75 inches in length.
o 63
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To power thig spindle motor, & solid stats, variable frequancy PTI
TRE30O, 30 XVA, 100 axpars powar supply vas installed as shown in
Figure 50. An isolation transformer (see Figure 31) was installed
batwean the powar supply and inlet power lines to provide the correct
voltage (230 VvV, 3 phase, 60 Hz) and to furnish line isolatien. A
control .panel (Figure 52), installed batween the power supply and
spindle, provided:

a. Digital tachomatar and spasd control :.;hco-ut

I e

b. Spindle load meter
Q. Elapsed tims mater

d. Spindle motor temperature gage

s. Ovar-current protaction

£, Feed hold output
q. 0il resarvoir warning indicatorxr

h. Coolant systsm indicators for normal and malfunction con=
ditions and malfunction intarloeks.

CNRNCIS ISy
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' ' Figure 0. 30ild Btate, Varisble Praquaney, P71 TR 8300,
) 28 KW Power Supply
Nel§lod SA W08~
Hb "1:3:-.
RYEYUIARY, ()
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) Figurs 81, 37.4 KVA lsolation Trandoemer
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k. Switches for all power control funstions.
To supply ocolant to the spindle motor, a J0=gallon tank assembly
(Pigure 53) consisting of a pump: a 480~-volt, l-phase, 60 Mz motor;
a pressure Segulator; pressure gages; and a flow switch wexe installed.

L TACHOMETER
N
o
i LDAD o
. METER
N4 - . ‘1
R
N
Pigore 52 Puned for Omeienll High-Spond Spiudis ' i
= o
i. Spindle over-tampsrature :I.ud;l.uﬁn: and malfunction inter- :
logks. ;
J. Bi=level over current indicator and autowatic systam shutdown. » '-‘-‘I
[ S|

A spindle lubrication system consisting of a lubrication pansl assem-
bly and an oil-air mist blendar wars installed to provide cooling to
the bearings and intsrnal pressurization of the spindle housing. The
lubrication panal assembly (Figure %4) embodies 25- and S~micron auto~
matic drain typs air £ilters, a manual air line shutoff valve, a
solanoid vaive operable from the main control station, an air presasurs S
regulator, an oil mist pressure switch, a largs capacity resarvoir, o
and an oil-mist genazator with float switch which will provids approxi- s
mataly 600 hours lubrication resarve. The air-oil mist blender which
nixes slean air with oil-mist from the mist genexator te provide
internal pressurizstion of the spindle housing mounts to the top of
the Qmnimil.

66
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Figure 83, Spindle Mator Coclant Supply Systemn

SA 4001 =68

Nl 6109

Figurs 54, Lubrioation Penel Asambly for Spindle Reserveir Ol
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1 5.2.3 Installation of Brvant High-Specd Spindle

The regular slow (10 to 990 rgm) and fast (40 to 4,000 zpm) speed
spindles on a Sundstrand OM-3 OCmnimil are shown in Figqu:-e 55, When
the Zast specd spindle vas f£ed out along its H-axis, it protruded from
- the swiveled machining head as shown in Pigure %6. From that position
I ths fast spindle and its housing (Pigure 57) wers removed from the
machining head after disconnecting about 3 lines and removing scme 16
fasteners. The adaptor or high speed spinAle housming shown in Pigure
58 was designed and fabricatad at Vought %o replace the one shown in
PFPigure 57, A spindle casting, less spindle and baarings, could have
been purchased from Sundstrand and machined to accept the Bryant spindle)
but the quotad lead tima was not acceptable. The Vought designed
adapter is shown instalisd in Pigure 39. PFor good rigidity, this new
spindle housing was mounted on a solid bewring block, raplacing the
rollar beurings. The 7.S5-~inch travel on ths H-axis was lost as a
result of these changes. Additionally, capabilities for the autocmatic
tool changer were lost for the Bryant spindlc because of its manual
draw bar operation. Continuing, the Bryant spindle (cf. Figure 49)
| 3 was positioned in its spocial housing as indicated in Figure 60 and
. clamped in placs by the Vought designed and fabricated clamp ring shown
being inatallcd in Jigure 61. Installation of the spindle was come
p-etad when the clamp rine was boltad to the new ltiousing and all elec~
trical, cooling, and lubricating linas wers ccnnsctad as shown in
rigure 62.
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Figure £2. lnstalied High-Spesd Spindle

The Sundstrand fast spesd spindle and the Bryant high spaed spindle,
as dascribed above, ara ir tsrchangsable. As a conseguencs, oparations
can be convertsd fxem high speed milling to conventional milling, or
conversaly, in approximatsly 2 hours, excoluding allignmant tims.

Table Yeed Systam

Previcusly, the OM-3 CGmmimil had been equipped with a Sundstrand, 81
SWINC, CNC, master ocontrol unit, having a 11/058C minjicomputer. This
control provided a maximum feed rate of 200 inches/minuta. As events
weras to prove, that feed rate was not closa to being fast enocugh. For
a 20,000 rpm spindle, faed rates to 400 inches/minuts can now be recom-
nandad and feed ratss to 1,000 inches/minute may not be unrealistic.
It is said that the above control unit can be modified to provide fead
rates Up t0 400 inches/minuts by making one hardwars and two softwars
podifications; howaver, such a modification remains to be evaluatad.
In any evant, future users of this type of equipment should specify
higher fead rzatas for theix machines than was used in this progzanm.

Bullard VTL Machine

Unbalanced parts such as the guidance and control (G&C) sihiells lhmu\
inPigure 63 have to ba turnad at relatively low speads to minimize
machine vibrations. To provide a mors coumpstitive turming process for
such parts in particular und a better turning capability fur machining
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Figura 81, Typieal Unbslanced Cylindrioai Part (G&C Sheil)

centaxs in genaral, a Bullard Vaertical Turret lLathe (VTL), 3-axis,
N/C machine was fitted with a high spaed spindle for developmental
studies as shown inrFigure 64. Details for this relatively simple
modification are described helow.

ECCO High-Spead Spindle System

A standard routor spindle made by Ekstrom, Carlson and Cuapany (ECCD)
was procured for installation on the Bullard vertical turret lathe.
That spindle, which is shown mounted to the side tool post of the
Bullard in Figure 65 and is similar in size to that in Ekatrom, Caxlson
drawing P-548, had the following specifications: -

Horsepower 20 at 14,400 xpm, 10 at 7,200 rpm,
and 5 at 3,600 zpm

Spindle spesds 3

Cycles 240, 120, 60

Drive motor pDrive AC

Drive motor ccoling 4 to 6 gpm -« water

Cooling system 225~gallon recirculating tank (optional)

Spindle nose 40 machine tool taper

Drawbar Manual

Spindle lubrication 01l nist

Spindle brake Dynanic

Horsepower meter Yas
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§.3.2

Frequency converter Furnished
Bearings Class 7

High spindle temperature Automatic shutdown
Low lubrication level Automatic shutdown
Ravezgible No

Qverall dimansions Ses drawing P-548

To power this spindle motor, the Louis Allis (Litton) motor=-ganerator
frequency convertar shown in Figure 66 was used to supply 20 KW/10 Xw/
2 KVA at 240/120/60 Hertz through the ECCO tri-variable fraquency power
supply shown in Pigure 64. DC plugging was used for braking. A con-
trol panel installed in the power supply cabinet (cf. Figure €4) between
the power supply and spindle provided:

a. Spindle load meter

b. Switches for all powsr control functions

¢. Motor overload light and sutomatic shutdewn systam

d. Spindle over tamperature light and malfunction interlocks
e. lLube level light and malfunction intarlocks

£. Air pressure low light and malfunction interlocks

g. Speed salector switch.

A change in plans led to using two (1) coupled S3-gailon barrels for
a spindle moter coolant supply reservolir as shown in Figure 67, A
spaxe Browne and Sharpes pump, operating off 115 volts and a 1/4-
horsepower motor, was used to deliver coolant to the spindle motor at
pressures to 30 psi.

An Alemite, serial number V-4, lubricating system was supplied by ECCO
0 deliver oil mist to front and rear bearings in the spindle motor.

Installation of ECCO High-Speed Spindle

Through four (4) holes in its base, the ECCO high speed router was
bolted to an adaptaer plate which, in turm, was bolted to a tool-post
adapter and sl d in the side tool post as shown in Figure 65. A
camposite view of the adapter plate assambly is shown in Piqure 68.
Alignmant for this simple installation was anhanced by a kayway alot
provided in the router base and duplicated in the adaptar plats for
two diffarent positions.

This setup was not very versatile. PFor instance, if the spindle or
cutter ware retracted an inch or two, the Bullard side gaddle (see
Figure 65) would hit a limit switch. Conversely, if the spindle were
advanced an inch or two, the side saddle would hit the main rotary
tabls. To provide needsd flexibility, differsnt length tool holders

wexre used and an additional locating (kayway) position was machined in
the adapter platm. No provisions were made for machining off-center,
which was latsr found to be advantageous in producing ¢good surface
finishes. Additionally, feed rates could only be set by trial and error
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Figure §8. Adspter oty fur ECCO Spindle

procedures, because table spaeds (reavolutions per minute) could not be
programued or overridden at the low end of the speed range that had to
be used. In mumation, this setup proved to be useful but awkward for
test purposes.

5.3.3 Safety Chip Guard

The shield shown in Pigure 69 was designed and hullt to protect parson- T
nel from hroken cutters and chips. As shown in Pigures 64 and 70, that N
quard which had a 10-inch inside dimmeter was open on one side to pro=- -
vide chip relief and surrcunded the cutter elsewhera to provide safety.
It also fit over the routsr housing and wac mitexed against the work- o
plece to minimize exposed arsas. The guard was positionad by sliding
it in and out of a locating fixture with the aid of two round guids
bars as shown in Fiqure 70. Tha locating fixture was bolted to a ocap
plats which, in turn, was bolted to the router base and ita adapter
plate. While saldom tested, this guard proved to be effactive in re-
straining partially broken cutters on at least two occasions.

P
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6.0 MACHINING TEST EQUIPMENT AND GENERAL PROCEDURES

Peripheral End Milling '

The modified Sundatrand, Model QM=-3, S-axes, numerical control (1/C)
Omnimil described in Section 5 (cf. Pigures 47 and 62) was ussd to
conduct a wide variety of peripheral end milling tests on the aluminum
alloys selected in Section 2. This machine was ideally suited for
developmantal studies because its speed and feed were infinitely varie
able betwean 10,800 to 20,000 revolutions/minute and 0 to 200 inches/
ainute, respectively. Additionally, it was aguipped with a digital
tachometer and could be opesrated in either an automatic or manual mode.

The load mster on this machine was recalibrated sc that it could bae
used indirectly to measure spindle horsepower. The Meter itself was
revalibrated so that a rsading of 100% was equal to 80 amperes and
other parzentile readings were proporxtionals; i.e., 25% equals 20
anperes ort

Amperes (I) =~ 80 (v reading/100)

Voltage was found to vary linearly with spindle speed as shown below:

Spewd (rym) DG _(volts)
10,800 132
14,400 177
18,000 223
20,200 251

Analytically, these data were found to be related as follows:
Volts (E) = (zpm - 379)/79

Thus, by reading the load metar and digital tachometsr, spindle horse-~
power could bs read directly from the nomograph presentoed in Figure
71, or computad from the abuove expressions for diruegt current values
and the following relationship:

Spindle horsepower (HP') =  RI/746

While the powar going into a spindle ins called the spindle horsepower,
the pover coming out of the ipindle to drive a cuttar is called the
cutter horsepower. The ratio of these two values is a measuras of the
efficiency of a given spindle. In this proyram, cutter horsepower
was caloulated from the expression: ;

Qutter horsepower (HPg) = 3.03 x 1075 p_v
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Figars 71. Spindie Horsspower Nomegraph

Y, = Cutting foroe (pounds)
v = Cutting velocity (feet/minuts).

Cutting forces (r,) were measured with a j-axes milling table
dynancmetar mounted in a vertical position on an angle block as shown
in Pigure 72. PFeed forces (Fg) and thrust forces (Fy) were also
neasured with this dynamomecsr which was purchased £xom Cook, Smith
and Associates of Concord, Massachusatts. The cutput of the
dynamonater was picked up, balanced and mmplified with a Midwestaxrn,
Modal 210, oscillograph (see Pigure 73) and rescorded with two X-Y
plottars as shown in Figurs 74.

. The tast setup shown in Figure 72 was used with and without the
dynamametsr to conduct pavipheral end milling tests for:

a, Optimum radial and axial depths-of-cut
b. Cuttar deflection

Ce Cutter pullout

d. Cutting force measurensnts

.. Horseprowar computations.
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For this setup, workpieces for all the aluminum alloys were approxi-
mately 2.25 inches thick by 12 inches square. These warse drilled,
counterbored and bolted directly to the dynamcmatar as indicated in
Pigure 72. Tho Omnimil was operated in the manual made for all of
the abovae tasts.

By mentally removing the dynamomatar in ¥igura 72 and replacing it
with the vise shown on top of the angle block in that picture one
can, aftar further mantally rotating the angle blouck 90 degress,
visualize ths peripheral end milling setup used to machine specimens
for:

-

a. Surface finish tasts
b. Rasidual stress tests. _ 1

Specimans for these tasts were approximately one-inch thick and two
inches square prior to machining. Machining was accamplished manually
by jogging the 2-axis to machine the vertically mounted specimans.

The test setup shown in Figqure 7% was used to conduct pcriph.xal end )
nilling tests for: )

a. Cutter gecmetry Fij]
b. Cutting speed .'lii

c. Faed rates
4. Tool life. ) 1
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Another view of this setup is shown in Pigure 76. There, it can be
observed that the machining test pieces which measured appraximately
2 inches thick by 12 inches wide by 36 inches long wers securaly
bolted 0 two angle blocks which, in turn, wera boltsd to the rotary
work tabls. In conjunction with this satup and these tests, N/C tapes
wera prepared. Generally, these tapes diracted a cutter to cut back
and forth (climb and conventional milling) a length of 31 inches plus
its diameter at the maximm feed rats of 200 inches/minute. When
necessary, that feed rats was overridden downward toward zern, as re-
quired, in 5% increments without reprogzramming. At the complation of
each pass, cuttars wers directed by the N/C tapes tc pause about 0.1
sacond, feed downward 0.25 inch and reasums cutting in the opposite
direction or, when signaled, to pull out of the cut for inspecticn.
In this manner, these tests were performed in an automatic mode.

Drilling

Much the same equipment and setup that were usad for peripheral end S
milling tests (ef. Figure 7%5) were used for drilling tests. Aa before, -4
the high speed apindle in the Omnimil (cf. rigure 62) was used to
povwer cuttars (drills) and workpiaces werd bolted to the same two angle
blocks as shown in Pigure 77. Even the workpiecss wars the same. In
this case, used workplece spacimens from the peripheral end milling
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6.3

tests (see Figure 78) ware turned over and bolted to the angle blocks.
The uncut sections laft at sach of the milled sides provided clearance
for drill penetration, and the l/2-inch thick web that was laft pro-
vided material for drill tests. An N/C tape was also preparad for these
tests. This tape directed that holes be positioned on 3/4-inch centers
at 200 inches/minute and drilled at a feed rates of 200 inches/minuta.
Further, this tape directed that fourteen rows of holes be drilled on
3/4-inch canters and that 43 holes be drilled per row. By incrementing
3/8=-inch down once and to the right twice, the total number of holes
was increased by a factor of four, or a total of 2,408 holas wars
drilled par plate. A drill could also be signaled to pull out of the
work area for inspection after completing any row of holes. In this
mannexr, 4drilling tesats were also parformed in an automatic modas.

Nel7181 SA 408192

Figure 78, Drilling Test Speaimen

Turning

Turning teasts ware performed on a Bullard vertical turrat lathe,
aguipped with a high speed spindle, as shown in PFigure 70, using end
mills as cutting tools. The mechanics of this method are presentad

in rigure 79 along with those for canventional turning with a vertical
lathe. The merits of using the end mill method for ‘turning unbalanced
parts like the G&C shell (cf. Figure 63} rcan be deduced with the aid of
the analytical relationships presented in Figurs 79. For example,

the 22-inch diametsr hy 1l inchas lonyg G&C shells ars conventionally
turned at a cutting speed of only 179 rpm and a feed rate of 0.010

as
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CIRCUMPERENCE OF PART ]

DIAMETER OF PART dn RADIAL DEPTH OF SUT
LENGTH OF PART

f, = AXIAL FEED (INC'/AUNUTE)
AEVOLUYIONSMINUTE FORCUTTIR 0

REVOLUTIONS/MINUTE FOR PART t, = CIRCUMPFERENTIAL FEED (NCHMINUTE)
MACHINING TIME/PASS t, * FERD (INCH/AEVOLUTION)

CUTTING VeLOCITY f, = PEND (INCH/TOOTH)

¢ = NUMSER OF CUTTING EDGES
a : Fieurs 78, Comaarizon of Cosventionsi sad End Ml Turniey oa VTL

CUTTER DIAMETEN

inch/xevolution. The same task was accemplished with a 2~inch diam- 3'.1
. etar, 3-fluts, end mill oparated at a feed rate of 0.010 inch/toeth, S
H a radial depth of cut of 0.5 inch and a outting spaed of 14,400 o
' revolutions/minute. When these data wara substituted into ths Figure R
79 equations, it was found that ths machining time pex pass (T) for T
the conventicnal method was 6.2 minutes while that for the end mill R
method was 3.6 minutes. From these rasults, it was concluded that the Tl
O and mill method of turning could be economically competitive in special g
cases. . S

Another economic consideration is setup time cost. For instance, if T
a lathe setup could bw aliminated by doing both turning and milling on S
a machining center, as could be the case for the G&C shell, the end AR
nill method might still save snough time to ba cost effective even SR
though it was not faster. Thus, while it is not ordinarily posaible
to beat conventional lathe turning for machining cost effectivensss,
there are special situations; e.g., unbalanced parts and eliminatad
setups, which will enable end mill turning to bs the more cost effective.

The rotary table on the Bullard VIL had a speed range that was infinitely
wariable from 0 to 468 revolutions/minute. According to the Figure 79

esquations, the feed rats produced on a G&C shell at the top Bullard : b
speed would be: Tz

..........................

..................
.............



£, = wON=m (22) (468) = 32,346 inches/mimute e

and the chip load would be: ';::f:f

£ = 32,346/3 (14,400) = 0.75 inch/tooth

w, g
- Both of these values would stress an end mill beyond its andurance, L
. - 80 it was concludad that realistic feed rates could be increased with-

RN out limit on the Bullard. In contrast, the feed rat: range chtzinable R
a from the Cmnimil was found to ba too limited. For this reason, faed e
rate studies for this program were performed on thes Bullard VTL. O

To feed the 2-inch diameter cutter at a rate ¢i " 110 inch/tooth while cea-
E it was turning at 14,400 revolutions/minute in *..e sxample abova, thae it
Bullard would have to rotate tha GiéC shell at the following calculated e
spesd (cf. rigure 79):
N - £°/C - !t t WWD

N = 0.010 (3) (14,400)/% (22) = 6.25 rpm ..A....

-
«

The rotary table on the Conimil had a top speed of 2 revolutions/
minute, 30 it oould not be used for this applicatien. For the Bullard
¥TL which did have enough table speed, it was found that the table
could not ba N/C programmed to turn acourately at such a slow speed
due to a loss of resolution and override control on the low side of
the Bullapd's speed range. It was found, however, that table speeds
as low as 1.7 ravolutions/minute could be set with reasonable accuracy
by sanually adjusting relay contacts in the circultry on a trial-and- -
exrror basis. In contrast, downfeeds (f,) on the Bullard could ke and
wars satisfactorily programed. Thus, tuta for this operation were o
performed partially in a manual mods and partially in an automatic
wmode .

N
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6.4 Genexal

Axial depths of cut were not programmad for any of the cperations be-
cause of variations in cutter lengths. This parametar was ganerally
set by manually touching~off a workpiece and then incrementing in a
dasired depth for each cut or succeeding cut.

At the higher spindle spaeds, it was found that cutter balance could

sericusly hinder machining operationa. The magnitude of the hinderance

also appeared to be a function of cutter s ze. That is, a cutter under

one inch in diazeter could ganarally be ¢ un up to 20,000 revelutions/

minute without emitting a loud noiss or exhibiting much vibration.

However, such cutters, if significantly unbalanced, would gensrally v,
produce a hammering action and yield a shorter tool life. On the o
other hand, the largest cutters tested (2-inch diameter) would, if

out-of~-balance, generally commance preducing a siren-like noiss and :::::',
vibrating tha machine frame at spindle speeds around 15,000 revolutions/ e
87 j::-:.




minuta. If spindle speeds were further increased, both the noise and
vibration would increase until, at 20,000 revolutions/minute, both
would probably be intolerable. The same result was also notsd for
cutters having diametars between one and two inches but to a pro-
portionatealy losser degree. Thus as A normal maintanance policy,
nawly procured cuttars were spun up to 20,000 revelutions/minute:
and if found nscessary, the cutters wers shipped to a vendor for dy-

| namic balancing. There, balancing was acoocoplished by ¢grinding metal
off the backside of cutters as portrayed in Figure 80. Similarly,
toolholders vwera dynamically balanced by drilling or grinding matal
from sppropriats points along the surface of toolholder bodies. It
was also found advantageous to grind opposing set-screw slots in the
shank of end mills. This procvadurs not only helped balance a cuttsr,
but it wvas frasquently notad that rotating a cutter in the toolholder
improved cutter runout and balance. In summation, it was estabilished
that the success or failure of high speed machining depends largely
upun cuttar balance. Tharsforae, extra cars and expensa wers axpended
to provida good spindle, toolholder and cuttsr halanca in this pro=

qzam.
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7.0 TEST RESULTS = CUTTER GEOMETRY

7.1 Statistical Model for Tests

It has been shown’ that the functional angles on a cutting tool are
related as follows:

sino, = sin? 1 + cos? i gin 3,

where:

E: a =  gffective rake angle
"'1-' 4y = normal raks angle
i =  inclination angle.

If optimum values for two of these angles could be stablished, then
the third angle would be fixed mathematically and the optimum cutter
gecmatry would be completely defined.

An experimental technique was developedl2 which solves the above
equation experimantally as illustrated in Pigure 81. 'rh.rc. it can
be. sesn that a cutter having an inclination angle of =7!/2° and an
effective rake angle of -5° will yield the longest tool life between

reCrinds and is, therefors, the optimum for face milling 4340 steel, R

S4. Similar tests were performsd on other materials; and the re-
sults wers corralated with respective material properties, using a j;‘-'.-_l
multiple linear regression technique and a digital computer. From o)
that study, the following empirical equation was developed for pre- SR
dicting optimun face mill gecmetries: .-

g 0Pt =  19.79° - (0.167 Sy)* + (0.08 RA)* + (0.0778,)*
+ (10,1 8,/8,)°

Using t.hin equation, handbook data, and test results raported by R
Oxfordld, which stated that a helix angle of 45° would produca the o
best finish on aluminum, as guides, cutter gecmmtrias which would

bracket the optimum value wars estimated. A total of nine gecmetries
wvera astimated in all. Thess were divided intec groups of three,

having inclination (helix) angles of 25%°, 35, and 4%°, respectively.
In turn, each inclination angle group of three had corresponding
radial zake angle values of 5°, 10°, and 1%°. Brazed carbide sutters KR
having these nine cuttar gecmetries were Procured for optimum cutter o
geametry tasting (af. Figure 81), and thess l.5-inch.diametsr cuttars -
are shown in figuxe 02, .

-
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e e SPEED: 170 SFPM
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\ DEPTH:  0.080 INCH
WIDTH OF CUT: 2 N,
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7.2

Fast Speed Tasts

While waiting for the Bryant high speed spindle to be installed in
the Cmnimil, it was decided to try and get a head start on the opti~
mm cuttar gecmetry tests by using the fast spindle that was already
in the Omnimil. This deacision was encouraged by the fact that the
fast spindle in that machine would turn up to 4.000 revolutions/
minuta.

To astablish a starting point for this test, all nina cutters were
tested (cf, Figure 75) for cutting efficiency with the aid of the
load meter on the Omnimil. The results obtained are presented in
Figure 93, whers it can bs deducad that a cutter having a helix angle
of 25° and a radial rake anglae of 5° probably haz as good strength
and cutting efficiency as any of the other gecmetries tastad. It
should also be noted that carbide inserts on the 15° radial rake angla
cutters, having helix angles of 35' and 45°, broke while cutting.
These inserts were too acute and appeared to ¢grab and then snap in
the 7075-~7651 aluminum workpiecve. The cutter having a helix angle

of 35° and a radial rake angle of 10° also exhibited a good cutting
efficiency, but it was not falt to be as strong as the 25° helix
angle, 5° radial rake angle cutter; so the latter was selected for
initial testing.

$A 40814
HELIX ANGLE
* "
Wop—rs CARMDE CUTTING SPEED: 4,000 RPM
108 . FEED: 40 INCHESMINUTE
2 \ J/ RADIAL DEPYH: 0.28 INCH
a 10 AXIAL DEPTN:  0.28 INCH
8 / COOLANT: ORY
S w WORK MATERIAL:  Al~7075~T851
: wl— Aeammse—
g g 2N
: l— 10 ~] §ROK
r'd
“_' 2‘.
7% )
U s T T T R

RADIAL RAKE ANGLE (DEGREES) "
Figute 83, Effeet of Cutter Geometry on Machining Losd

When conducting a similar tast for steel, Oxfordl? found that his
tast curves were linear and had negative slopes. The 35° and 4§°
helix angle curves in Figure 83 started out that way; but at a radial o
rake angle of 10*, these curves reversed and tha ctlopes became S
positivea. In further contrast, ths slope of the 25° helix angle e
curve was positive throughout, and the curve was nearly linear. No N
good explanation can ba offersd for this bshavior now; but it appears T
evident that 1l5° radial rake angle cutters are less than optimum, .




‘[. Using the and mill having a 25° helix angle and a 5° radial rake

< angle, tool life tests were initiatad on 7075~T651 aluminum workpieces
(cf. Figure 75). The results cbtained are given in Figure 84. As
shown, that end mill cut for 544 minutss (9.07 hours) without ex-

r hibiting any appreciable wear. During that time, the end mill
B traveled 1,816 feet through the work matsrial. Testing was stopped
‘ at these points because it was believed that too much material
‘ would be required to completa the tasts. .
0.013 - SA 4081 —48
- L ] 1 L L T T T 1 T e r y i y
|
agt2 :
CUTTER: 1.5~IN. DIA,, 2-FLUTE, 1.778-IN, F.L., 28° NELIX,
e.nt1 SO AR, ARAZED CARBIOE END MILL :
CUTTING SPERD: 1,570 FEETMINUTE
a.010 FEED: &:008 INCH/TCOTH
RADIAL DEPTH: 0.28 INCH
i o.0m AXIAL DEPTH: 028 INCN
- CUTTING PLUID: DRY
S 0.008 WORK MATERIAL: Al-7078-TEH
E 007 ALTERNATING CLIMB AND CONVENTIONAL MILLING
u 0.008
=2
S .008
0.004
*——*-—o °
mf
0.001
0.000 o 1 I L ] J L ] . L A . A . ; . .
0 100 200 300 400 $00 ey
CUTTING TIME (MINUTES) - 1
Figure 34, Cutar Weer Curve for Comventionsl Cutting Sposd S,
7.3 High Speed Tests “
e

Following installation of the Bryant high speed spindle, optimm
cutter gechatry tests wers resumed with the cuttars shown in Pigure -
82. As befora, these tasts ware initiated on 7075=7T651 aluminum with
the end mill having a $° radial rake angle and 2%5° helix angle. In
an attampt to hasten cutter wear, a normal procedure for optimm
cutter gecmetry detsrminations, the modified Omnimil was oparated at
a top spindle speed and faed rats of 20,000 revolutions/minuts and
200 inches/minute, respectively. The rasults obtained with this

- combination are presented in rigure 8%. Thare, it can be seen that
o the selected end mill, which had a runout of 0.001 inch T.I.R., cut
372 minutes (6.2 hours) haefore the test was stopped. During that
time, the cutter traveled 5,200 feat or 1.17 miles through the work
matarial. By extrapclation, it was estimated that this cutter would
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i 0.013 T T T — T u r g T T r . e I -
0.012 : —_
CUTTER: 1.8~IN. DIA., 2~FLUTE, 1.378-IN, F.L., 289 HELIX, !
0.0t1 |~ 89 AR, BRAZED CARBIDE ENO MILL —
CUTTING SPEED: AS SHOWN ,
0.010{~ FEED: 0.008 INCH/TOOTH
; RADIAL DEPTH: 0.260 INCH !
y 0.009 |— AXIAL OEFTH: (.260 INCH
' ’ s CUTTING FLUID: DRY
g 0.008 — WORK MATERIAL: Al-7075-Te81 L
i’ 0.007 ALTERNATING CLIMB AND CCNVENTIONAL MILLING !
u .
3 0.008 ;
) 2 oo 1900 FEETMINUTE '[
h [ [
0.004
1370 FEET/MINUTE N
0.003 O <
-1 o v o™
04002
) 0.001
’ 0.100 | 1 L1 ) | | N L L L ] R
N 0 100 200 300 4a0 §00
CUTTING TIME (MINUTES)
Figurs 38. Etfact of Cutting Speed on Carbide Cutter Wear
-
[ ]

hava cut for 7 hours bafora developing a 0.01S5-inch wearland, a
normal tool life end point. The wearland which developed on the
£lank and top rake of this cutter is shown in Figure 86, and an

end view of the cutter is shown in Figure 87. For comparativa

. purroses, the results obtained from the fast speed tasts (cf.

‘ . Figurs 84) were superimposed on Figure 85, In summation, it can be
deduced from this figure that cutting speed has a definita affact on
cutter wear bhut that cutter wear is generally not going to be much
of a high speed machining problem when cutting aluminum alloys.

: Work material depletion began to surface as a probiem at this point: fjiﬂ
» tharefora, cutting efficiency tests were rerun to develop some quick

indices, using the higher cutting speed and feed of 20,000 revolutions/ - .
minute and 200 inches/minute, raspectively. The results obtained T,
virtually mirrored thcse shown in Figure 83, including the breakage
of carbide insarts on two cutters having 15° radial rake angle and
35° and 45° helix angles. Basad on these results, it appearesd that
the cutter having a 15° radial rake angle and 25° helix angle might

e

be onea of the quickest to aeliminate; thersfore testing was resumed
o with it. Actually, the reverss may have been true; for as shown in
- Figure 88, that end mill cut for 229 minutes or 3.8 hours before test-
L~ ing was stopped. Testing was stoppad at that point because the end
. mill was developing built-up-~edges on its flanks and, as a consequencs,
A
»
».'; 93

..........
.....................




SA 408100

FLANK WRARLAND
Fiyure 40, Wearlands Developed Atter Cutting 1.17 Miles of Al-7078-T881
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, CUTTER; ! | Ry
L 0.011- MATERIAL: BRAZED C-2 CARBIDE END MILL —+ — Y ;
nf HELIX ANGLE: 259 N ! ,
” 0.010} RADIAL RAKE: ASSHOWN | — —— ,
" CORNER ANGLE: 09 N l | ‘
- 0.009- NOSERADIUS: NONE N T— ; . .
| CLEARANCE ANGLES: 109/189 D | .
0.008 FLUTE LENGTH: .8 INCHES S B ! :
- FLUTES: 2 ! ! i - . I
S o007k OVERALL LENGTH: 4.25 INCHES g : :
s DIAMETER: 1.5 INCHES | R SR T
= oot : N Lo
= 0.008 : : S —
ﬁ : : : | 1 z, ) 1 H
: 0.008 |y -mf' RA . — : .
2 L/ T R T L
o 0.008 _: : o —— . , ;
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0.003 : : et DEPTH:
e e RADIAL: 0.26INCH
0.002 e i — AXIAL: 0,25 INCH - oo
° CUTTING SPEED: 7,900 FEET/MINUTE - CUTTING FLUID: DAY o
0.001 ~ FEED: 200 INCHES/MINUTE —__ WORK MATERIAL: 7078-T681 ALUMINUM
| 0.005 INCH/TOOTH I ALTEANATING CLIMB AND CONVENTIONAL MILIIING B
' | ] ' . ! i ° -_.‘-
0.000 0 20 40 60 80 100%120 140 180 180 200 220 240 280 280 300 320 340 380 280 400 v
CUTTING TIME {(MINUTES) .
Figure 88, Effect of Cutter Geometry on Cutter Wear o
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wag cutting so hard that it was pegging the load meter needle and
i tripping the ovarload interlock switch which shut down the Cmnimil.
. Had the built-up-flanks not occurred, that end mill might have cut
for 5 hours before developing a terminal tool life value of 0.015-
inch wearland. Nevertheless, that end mill would not have lasted
as long as the one having a 3° radial rake angle and 25° helix angle
. as can bae deduced from Figure 88, where results for the latter wera
| superimposed for cocmparative purposes. Only meager data wers re- L
cordad for the end mill having a 25° helix angle and 10° radial rake SRR
angle and that too was superiniposed on Pigure 88 for comparative
purposes. While only a guess can be made for the 10° radial rake
angle cuttar, it would be expacted to wear more slowly than the 15°
radial rake angle cuttur and tO wear nearly on par with the 5° radial
’ rake angle cuttar. Whils the end mill having a 35° helix angle and "
' 10° radial rake angle showed scme potential (see Figure 83), it de- b s
veloped two nicks in 7 minutes which promised to abbreviate its tool o
lifs. At this point, tasts were tarminated hecmusa it did not appear
that any of the cutters would outperform the one having a 25° helix
angla and a 5° radial rake argle. Additionally, the optimum cutter MO
- geometry tests wera terminatad because cutter wear and gscmetry had et
) dagenerated into a minor problem for this program, and work material roo
: was being too rapidly depleted. RO

It had been planned to use the statistical methed illustrated in STy
Figurs 81 to establish optimm cutter Jecmetries ir this study. How- RS

. ever, that method could aot be advantagesously applied, becauss cutting e
I speeds could not be increased to the point whers cutter flanks would N

develcp 0.015 inch wearlands in minutes instead of hours. The next e
bast mathcd to use for this investigative purpose wvas probably that
shown in Figqure 88 but to produce dafensible data, even that method
required that gcme cuttar lives be measured in hours, In short, theze
doas not appear to be a simple, Airect metlod for establishing an R

- optimum cuttar goometry foxr the high speed milling of aluminum. Until poi- |
such a method is established or a better cutter gewiotxy is found,
a 25° helix angle, 5° radial rake angle, carbide end mill will prove
to be mors than adequate and iz reccemended for the high speed machining
of aluminum alloys. .

A T3

- 96

e, e

e a e nL el e e el - o - .- .

D I I A N S I S S U SR S AN SRR L R LA TR LI I L T TSN T TR . .
R AR A .)."_ St N e e e e e e e e LT T A A T I R Nttt T T e e e Y
LIS IO WA VR B TV R R W T G A R T A S PR SR PR RN APPSR IR SN AT VAPIAT P8, 48 P ‘{“;m Anhdendandeidan




8.0 TEST RESULTS ~ MACHINING PARAMETERS

8.1  Introduction

The cbjective of this event was to develop optimized machining pro-
- cedure and paramatars for the selected combinations of aluminum
= alloys and machining processas 30 that future missile components
. ', could be fabricated at maximum economical speeds. Synonymous with
: naximun economical speeds is maxismm metal removal rates. Conse-~
quently, to the extent possible, rough machining cuts wers used in
developing econcmiic machining conditions. Rough machining is used
in removing the bulk of material from missile forgings, castings or
. raw material and is, thus, batter suited to high-speed machining
ﬂ; operations than finish machining. The determination of economic
= machining parameters requires a knowledge of the machining conditions
that will yield high matal removal rates or extended cutter livas.
The plan which was outlined to devalop that knowledge hers consisted
principally of optimizing cutter gecmetries and materials, coolants,
feed rates, dapths of cut and cutting speeds, in much that order.

!q Cuttar geometry, cutter material and ceolant optimization were dis-
a . cussed in previous sections. In this section, feed rate, dapth of
cut and cutting speed optimization data and results obtained from
end milling, drilling and turning tests on 7075-T651, 606l-7651 and
. A356~T6 aluminum are presented. This type of information should be
ii especially useful to spindle designers and N/C proyramuers.

The axtraordinarily long tool lives produced by carbide cutters (cf.
Figure 83%) wers hindering the develorment of high spaed machining
technology in these tests and appeared to be sguandering both time

- and wmaterial. To rectify that situation by reducing cutter life to
a mors acceptable level, testing was continued with high speed stael
(H88) ocutters when feagible. The HSS end mills used were off-the-
shelf items and generally had 30° helix angles, 10° radial rake angles,
and 12° primary clearance angles. These cutters containad 48 cobalt
and may have bsen mors heat rasistant than normal. In any event,
these standard priced cutters, which loverad tool life some 560 under
that for carblde cutters, proved to be more than adequate for a 20,000
revolutions/minute spindle in most cases. Thus, the substitution of
high speed steel cutters for csarbide cuttars in these studies was
found to be not only expedient but, generally, proper.

8.2 Peripheral End Milling

8.2.1 Feed Rate Optimization

The naximum Omnimil feed rate was limited to 200 inchas/minuta. For e
two~ and four-flute cuttars, that feed produced a maximm chip load Yol
of 0.00%5 and 0.002S5 inch/tcoth, ruspectively, at a cutting speed of
20,000 revolutions/minuta. Since aluminum can be readily cut at chip
loada up to 0.010 inch/tooth, it became evident that it was futile to
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attampt an avaluation of feed rates on the Omnimil. Instead, this

paramstar study was shifted to the Bullard V.T.L. machine which had
no practical upper chip load limitation. Thae results obtained will
ba discussed in paragraph 8.4.1.

LW -

- Teed rats tests vere parformed on the Omnimil for 6061-T651 aliuminum

. at chip loads of 0.0028 and 0.005 inch/tooth. The results of there

l tests are given in Figurse 89, where it can be obsarved that the hesavier

: chip locad produced & slowar rate of cutter wear and, therafore, a
longer tool life. It was expected that this trend would continue up
to fead rates of approximataly 0.010 inch/tooth, aftear which, the
trend would reversas.

u. $SA 4081 ~1 03
CUTTER: '
MATERIAL: COBALY HSS ENDMILL CUTTING SPEED: AS SHOWN
DIAMETER: 1.9 INCHES FEED: ASSHOWN
OVERALL LENGTH: 4.3 INCHES DEPTH:
FLUTE LENGTH: 2 INCHES RADIAL: 028 INCH
PLUTES: 2 AXIAL:  0.88 INCN
b HELIX: 30° . CUTTING FLUID: WATER SOLUBLE 0IL MIST (1:30)
. RADIAL RAKE: 100 WORK MATERIAL: §081-T881 ALUMINUM
v CORNER ANGLS: 0® ALTERNATING CLIMS AND CONVENTIONAL MILLING
7 MOSE RADIUS: 04020
e CLIARANCE: 129/22°
(111
0.018 e 0.0028 INCH/TOOTH
0,980 FTMIN
0.014 ,
0.008 INCH/TOOTH
0o2 S20FTAIN -
a .
§ ool /
g 088 INCH/TOOTH V
0.008| 10,100 FTAIN .
0.008 %
0.004 l
0.002 [
% ] o ) ™) 700
CUTTING TIME (MINUTES)
Figure 80. EHom of Bosd Rats sw Cutter Wear




ti 8.2.2 Depths of Cut
:j-"' One of tha first characteristics noted about the high speed machining
s process was that normal depths of cut could not be made with it. Ior

g instanca, the relatively light depth of cut taken in the tasts ref-
s aranced by Figure 83 either raised the l:ad meter needls to a high
. velue or pegyed it. When cut deptha ware further increased, it was

. found that protective, overload interlocks in the spindle systan would

shutdown the spindle's and Comimil's operations. An investigation

! revealad that the intsrlocks were activating at an input load of 40
‘ amperas or approximately 13.3 horsepower when the spindle was oparated
at 20,000 revolutions/minute. For a "rule of thumb" efficlency of
638, this meant that the spindle could only put cut a maximum of 8.8
horsepower. This lack of power helps explain why the spindle was not
capable of making desper cuts.

Aftar discussing this power deficiency problem with the spindle's
manufacturer, the Bryant Grinding Corperation, the overload, inter-
lock, trip point was reset to 90 mmparss input or approximately 30
horsepower at a spindle speed of 20,000 revolutions/minute. Based
on a 65% efficiency, the output capablility of tha spindle was raised
to approximately 20 horsepower by this action. At the same tims, the
interlock was heing reset, the load metsr was recalibrated (see
subsection 6.1) so that ampere measurements could be extracted directly
fyam it. Additionally, it was noted that a 5% machine load or about
4 amperes or 1.4 horsepowex were resquired to turn the spindle, un-
loaded, .at 20,000 revolutions/minute. Overall, these procedures
decreassd the spindle's protection but enabled it to maks deaper
depths of cout.

X Using the more powerful spindle, dapth of cut studies were performed

o for the three aluminum alloys. All tests were conducted with a spindle
speed of 20,000 revolutions/minute and a feed rate of 200 inches/
minuta, High speed ateel (HSS) end mills were used to machine the

7075-7651 and 6061-T651 aluminum alloys. For the most part, thase

H8S end mills had a 1.25~inch diameter, 4-flutes and & 2.5-inch flute

: length. For the faw cases where the radial dapth of cut excesded

= approximately l.2%5-inch, a 2.0-inch diamster, 4-fluta, 2.5-inch fluta

L' length cutter was used. To machine the surprisingly abrasive A356-T6

3 aluminum alloy, carbide cutters had to be used. PFor thia case, brazed-

: carbide end mills, having 3-flutes, 2-inch flute lengths and 1.7%=inch

diameters, wure pressed into service. The variation in tooth dansity

[ hers was not thought to ba significant, because preliminary tests had

. not indicated any appraciable differsnce in the machining loads gen-

L. erated by 2« and 4-filute end mills under the test conditions used.

The tast setup used is shown in PFigure 72. With this setup, radial

depths of cut wara varied over a range that produced a practical

spectrun of machine lcads. The machine load produced by each varia-

tion was notad, and the data obtained were plotted in the manner

shown in Pigure 90. There, it can be cbserved that the plot is linear.
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CUTTER: 125-IN.DIA, 4-FLUTE, 2.5-IN. F.L,, HSS END MILL

; CUTTING SPEED: 8,800 FEET/MINUTE

Y PEED: _0.0025 INCH/TOOTH

c AXIAL DEPTH: 1.8 INCH
CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
CLIMB CUTTING
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The analytical axpression for that curve which has been superimposaed
on the plot was devaeloped with the aid of multiple regression. This
procedure was repeated for each aluminum alloy at axial depths of cut
of 2.0, 1.5, 1.0, 0.75, 0.50, 0.25, and 0.125 inches, respectively.
The curvas for esach alloy wars gathersd and raplotted by material as
shown in Pigures 91 through 93. These curves are not conservative
because eaAch was devaloped with a relativaly sharp (0.000 to 0.003
inch wearland) cuttar. It follows that duller cutters will generate
higher spindle loads and that same allowances will have to be nmads.
However, these curves provide a good starting point for the program-
mer having to prepare an N/C tape for high speed machining. To
further gquide the programmer and provide scme spindle protection,
recommended operating bands or ranges ware superimpcsed on these
curve plots. PFor instance, if the spindle ig to be run continuously,
it should not be operated at a machine load over S0V (40 amperas).
Por short or intexmittent runs which provide an opportunity for the
spindle to cool down, spindle loada to 754 would be in order. Spindle
loads over 758 have baen red-lined, because breakdcwns occur with
greater frequency and magnitude in that zone. While spindle loads
over 1008 have bean recorded for some cuts) a.9., plunging the full
cutter disnatear into the corner radius of a pocket, these have baen
very brief ir Mratiorn. Any attempt to machine at a 1006 load for
very long weuld probably result in a bent spindle shaft or some other
catastropha. '..le these reconmended operating ranges wers not
comprehensively developed and are subject to change, thesa were based
on the contractur's experiances which included the bending of two
spindle shafts; however, no bearing failures wars experisnced. To
further aid in the selection of cuc depths, equations dasveloped for
each curve (cf. Figure 90) aro presented as follows:

Al-7075-T651
Axial Depth Radial Dapth
—linoh) —linch)
1.0 dp = 0.0014 (% load)
1.8 dp = 0.002 (s load) - 0,010
1.0 dp = 0.0034 (v load) ~ 0.016
0.50 dp = 0.0073 (% load) =~ 0.042
0.25 dp = 0.014% (v load) ~ 9.048
0.125 dp = 0.0223 (v load) + 0.107
5;-6061-T651
Axial Depth Radial Depth
{iach) . (inech)
2.0 dp = 0.0016 (N load)
1.5 dR w 0.0022 (% load) - 0.012
1.0 dgp ® 0.0035 (% load) = 0.016
0.7% d.R = 0,0050 (v lcad) = 0.034
0.5%0 dR = 0.0083 (v load) - 0.070
0.2% dp = 0.0171 (v lcad) = 0.079
0.12% dn = 00,0304 (v load) - 0.115
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CUTTER: BA 4081~ 08 :

: © 1280-IN. DIA,, 4-FLUTE, 2.5~IN. F.L, COBALT HSS ENO MILL :
© 2.000-IN. DIA., 4&-FLUTE, 2.5~IN. F.L. COBALT HSS END MILL .
] CUTTING VELOCITY: 20,200 RPM
FEED: 200 INCHES/MINUTE
o CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30) AXIAL DEPTH
o . CLIMB CUTTING OF CUT (4,)
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Al-A356-T6

Q Axial Depth Radial Depth

) {inch) {inch)

" ' 1.8 d, = 0.0038 (% load) =~ 0.031
1.0 dp ® 0.0056 (% load) ~ 0.041

. 0.7% w 0.0079 (N load) ~ 0.070

l . 0.%0 dp = 0.0112 (% load) =~ 0.092

: 0.28 dp = 0.0209 (% load) ~ 0.166

0.125 dg ® 0.0320 (% load) - 0.008

When selecting a cut dapth, it should be bozne in mind that increasaed
L cut depths not only burden the spindle but decrease cutter lifas as
- well. From the typical example shown in Figure 94, it can be seen
!; that the fastsr wearing cuttar is the one making the deepest depth of
cut. Along with the depth-of-cut tasts, cutting force, cutter de=-
flection and cutter pullout tests were conducted, simultanecusly. At
the end of each pass acrosa a l2-inch workpiece (cf. Pigure 72), dur-
ing which spindle loads for systematically varying axial and radial
deptha~of~«cut were noted, the end mill was allowed to dwell in the
out until it had returned to its undeflected position. The end mill
was then worked back and forth a fraction of an inch to produce a
small, undeflected flat on the machined surface. Cutter deflection
b was than detarmined by measuxring the height of the resulting step with
’a a depth gage micromater. The distance that a cutter pulls out of the
. spindle during a cut was measursd in wmuch the same way. FPor that test,
ii ) another depth gage nicrometer was used to measure the axial depth-cof«
3

B DA

qut after sach pass. The diffaranca between that measuramsent and the
original setting was the measure of cutter pullout. Force readings
wors obtained by activating the Midwestern Model 210 oscillograph and
X-Y recordera shown in Figures 73 and 74 and converting the record-
ings frou millimeters to pounds of force. These tests will be dis-
cussed in subsequent sections.

8.3.3 Cutt Speeds

The cbjective of this investigation was to develop Taylor tool life
gurves so that most econamical and productive cutting speeds could be
sstablished directly and analytically. Normally, this is an easy task
to aceomplish; but dua to the ease with which aluninum can be ma~
chined, tool lives and material consumption wera found to be too ex- T
cessive. These results stretched out :ast schedules, necassitatad o
tonling and cutter material changes with attendant retesting cyclas, C
and fostered additianal procurement delays. When these delays were R
eoupled with the spindle breakdown delays, it was found that there Rt
was not snough time left to fully complete this task. T

While it may be generalized that tool lifs and cutting speed do not
appear to limit the high spasd machining of aluminum, the investiga-
tors for this program wers anxiocus to davelop some technology in these
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‘ areas. Conseguently, the fragmentary data developed and presented B
in Table IV was pieced togethaer as shown in Figqures 95 and 96. The >
estimatad slope of 0.3 for these curves wus based on results de-
veloped by Datskoll. Using that value, extrapolated curves were
drawn through firm data points as shown. Although these curves are

. useful for discussion purposes, thess have not been substantiatad; and AN

I .. the reader is cautioned not to attach too much cradibility to them. T

To verify the two extrapolated peints on Figure 95, it was egtimated

that at least two plates of material, measuring 2 inches by 48 inches

by 144 inches, and 25 hours of cutting time would be required for the

tests. If there were any premature failures or scatter in the tast -
- results, even more time and matarial would have been required. Far . J
LY these reasons, such tests wara not pursued.

The theoretical curve in Figure 95 indicates that a cutting speed of . ;
46,643 feet/minute will give a one-minute tool life for the referanced S
carblde cutter. On the other hand, {f the cutting temperatura ceases L)
to rise beyond a cutting speed of 19,600 feet/minute as suggested in

) subsection 3.5, & cutter life of at least 15 minutes might be cbtain- " —“
. able at any cutting speed with the refarsnced cutter. g

. _1
- The cutter in Figure 84 gave no sign of aver wearing out. An estimata 3
- of its tool life can be mada with the aid of the Taylor tool life ;
N equation superimposed on Figure 95. That equation was developed from R
i the cuzve and predicts that the end mill will cut for 81,120 minutes —iane

before rasharpening is required when oparated at a cutting speed of -
1,570 fest/minute. While it would be difficult to imagine an end mill EOC
cutting that leng in practice, this analysis does indicate that,
barring premature failure, the refersnced end mill will yield an
axtraordinary tool life when coperated under the favorablae conditions
shown.

Micrographs made of chips produced by the two firm cutting speeds are
prasantad in Figure 97. There, it can be deduced that aluminum appears
to tear at lower cutting speeds. It may be that the higher cutting S
temperaturs generated at the higher cutting speed.has some bearing VL
o on this rasult. Por both cases, however, the cutting tool remained DA
» relatively cool to the touch.

A general idea of what the most aconomical tool lifes and cutting speed S
would be for end milling aluminum can be obtained from Figure 95 and NN
the following equationl; SRR
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Figure 86, Theerstian| Etfect of Cutting Speed on HSS Cutrer Lite
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T, = {1/11 - 1] ['nép'?'+ m]

whare:
T m ool life in cut for minimm part cost (minutaes)
n = slope of Taylor toal life curve

t = total cost of cutting edge including cost to change
the tool and to regrind the cutting edge and deprecia-
tion of the tool (8).

MO = m@machine, labor and ovarhead rate ($/minuta)
T™Cr = tool changing time (minutes).

addition, the tool life vhich will yield a maximum production rate
be similarly found from the following equation:
T

= (l/n - 1) TCT

Tp = tool life in cut for msximm production (minutes).

By using typical sarcspace ratss for IO, and actual figures for the
variables TCT and t, the above equations yislded most economical and
maximum' production ratas of 225 ainutes and 21 mimutas, respeactively.
The corresponding cutting speeds wers found by substituting thase
dats into ths Tayler tool lifes equatim superimposed on Figure 98.
When this vas done, it was found tha': the mast economical and maxi-
mm production cutting spesds for aluminum wers on tha order of

9,190 fest/minuts and 18,210 feet/m.nuta, respectively, for this cass.

The above cutting speeds can be translated into spindle speeds for
different sized cutters with the aid of the following equation:

j.2 v
d

N

vheret
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M = gpindle speed (ravolutions/minuta)

v = cutting speed (feet/minute)

d = diamater of cutter (inches).

\

Yhen this was done for the case of l.5-inch diameter carbide cutters,
it wvas found that the spindle speeds required to achieve maximum econcmy
and production were on the order of 23,400 and 46,400 revolutions/
ainuts, respectively. For l.0-inch dimneter cutters, these spindle
apeeds would increass to approximately 40,730 and 69,570 ravolutions/
ninute, respectively. All of these values exceed the 20,000 revolutions/
minute spindle speed that is currently maximum for 20-horsepowar
apindles) however, tlese ars indicative of future spindle speed de-~
aign needs.

It should be re-amphasized that most of the calculated values above
were based on vary meager tast data. As a consequencs, thase ware

only rough estimates and should be considered as being merely indicative
of the magnitude of optimum cutting speed requirsments for aluminum.

At this point in the investigation, it appeared that if any defensible
cutting speed technology wvere going to be developed for aluwminum, it
would have to be done vwith shorter-lived high speed steel cuttars.
Consequantly, testing was resumed with 2~ and 4-flute high speed stmel
(HSS8) end mills. Initially, tests vers oconductad on 7073=T651 aluminum;
but when it became evidant that thars was not enough work material
laft to completa the tests, the 6061-T63l aluminum test material was
used instead. Additionally, 1.0-inch diametar cutters yielded exces-
aive tool lives for the task at hand on Al«7075~TGS1l as shown in Figure
98; therefore, when the work material was switched to Al-6061-7651,
cutter diametars were 'switched to 2.0 inches and axial depths of cut
were increased to 0.5 inch. The higher cutting speed obtainable with
the 2.0~inch diameter cutter reduced tool life to a more realiastic
level for test purposes (see Pigure 98). With this setup, only one
good data point was cbtained; and that is presented in rigure 96.
Shortly after that tast was conducted, the shaft of the high spaed
spindle was accidentally bent and had to bs repaired. As a result of
the long delay in repairing the spindle and cther program commitments,
the cutting spesd tests wers never fully rasumed and, thus, no defen-
sible cutting speed technology was cumpletely developed.

To establish socme oxder of magnitude for the optimum cutting speeds

that can be obtained with high speed stesel cutters, the curve shown

in riqure 96 was prapared. As before, that curve was constructad by
drawing a line having a 0.3 slope through a known data point on log-
log paper. The equation for the resulting curve was suparimposed on
Yigure 96 for referance. Like the curve in Pigure 9%, this curve is
useful for discussion purposes but merely reprasents a best estimate
and should not be treatsd as being anything mors.
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cm!n: SA 4081112
MATERIAL: COBALT HSS CUTTING SPEED: ASSHOWN
‘ DIAMETER: O 1.0 1NCH FEED: 0.0025 INCN/TOOTH
] O 1.9 INCH DEPTH:
» OVERALL LENGTN: 4.25/4.8 INCHES RADIAL:  0.28 INCH
BLUTE LENGTH:  1.J8/2.0 INCHES AXIAL:  0.50 INCH
PLUTES: O 4 CUTTING FLUID: CODAL Q741 MIST (1:30)
Qz2° WORK MATERIAL: O 7078=T881 ALUMINUM
HELIX: ~3g¢ O 8081-T881 ALUMINUM
- RADIAL RAKE: 109 ALTERNATING CLIMB AND CONVENTIONAL MILLING
.‘ CORNER ANGLE: ¢9
NOSE RADIUS:  0.020 INCH
CLEARANCE: 12¢/229 .
a0t
p 6018 [uu FTMIN
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H | ] 7] ] L 109 ‘

CUTTING TIME (MINUTES) T
Figws 83. Appraximets Eitest of Cutting Spoed ea Cutter Wear L

- The theorstical curve in Figure 96 indicates that a cutting speed of RN
o 36,227 feest/minuts would yield a cne-minuts tool life for the ref- T
® erenced HSS cutter. If cutting tamperatures stabilize at a cutting
' speed of 19,600 feet/minuta as suggested in subsactien 3.5, a cutter ]
. life of at least seven minutes might be cbtainable at any cutting :

u speed with the referenced HSS cutter. Other calculations indicate : 1
s that the tool life yielding maximuzs economy and production ratas for T
1.5=inch diameter, HSS, end mills would be on the ordar of 133 minutas B
and 23 minutes, respectively. The cutting speeds corressponding to '
these tool lives were calculated to be on the order of 8,330 fest/
minute and 14,140 feet/minuta, respectively. Similarly, the spindle
speeds wers computed to be 21,280 and 36,000 revolutions/minuta, A
raspactivoly. AR
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For comparative purposes, the thecoretical tool lives, cutting speeds - 4
and spindle speads calculatad for 1.0- and l.5-inch diameter end mills
wers tabularized in Table V.

TABLE V - THEORETICAL MOST ECONOMICAL CUTTING SPEEDS h
FOR SELECTED CUTTERS AS DEVELOPED FROM R
FIGURES 9% AND 96 A

am , 1
1,0 Inch 1.5 Inch , b
H8S Carbide | HSS Carbide R

Most economical tool life 3 )
(minutes) 94 137 133 228 ) ‘

Most economical cutting speed o
(SFPN) 8,270 10,660 8,350 9,190 A

)

Most economical spindle spaed )
(FPM) 35,410 | 40,730 | 21,280 | 23,400 .

Maximum production tool life
{(minutes) 23 23 23 23

Maximum production cutting : Y

PSP S Y

speed (SFPN) 14,240 | 18,210 | 14,140 | 18,210

Ma imam production spindle .
speed (RPN) s4,000 | 69,570 | 36,000 | 46,380 .
Work material AL-6061| AL-7075 | AL-8061| AL-7075 -
Axial depth of ut (inch) 0.500 | 0.2%0 |0.500 | 0.250 -

.........
.........

In Table V, it can be observed that thers wers more variables than '
just tool material and size involved in the data presented. Such an
occurrence ganerally makes any direct comparisons difficult if not
impossible to achieve. Howaver, the effect of variations in cut depth
and work material on the above data ware thought to be offsetting.

For example, any advantags gained by a carbide cutter in wachining

at a shallower depth of cut would be partially offset, at least, in
thia instance, by its having to machine a nore difficult material.

The opposite would be true for a HS88 cutter. It was thus concluded
that the test conditions for each cutter material offered an advantage
and disadvantage over the other that were largely compensatory. If
that hypothesis, along with theoxatical based data, can be accepted,
then several interesting deductions can be made from the above tabls.

As may have bean suspected, the data in Table V indicated that caz-
bide cutters can be expected to cut longer and faster than high spaed
steel (HSS) cutters. These data also point out that, barring premature

113

Y
............ O VI AR AT AR AR RIS
LT AR IR VLA L T RAL LY S Sy




failuras, the superiority of carbide cutters increase as cutter di-
amaters decrease. Furthar, these data point out that, all other things
being equal, cutting speeds and, tharefore, matal remcval rates in-
crease as cutter diammstars decrsass. It was interesting to note from
the data that racomsended spindle speeds for all the cutters 1.5 inches
in diametar and under exceedad the speed capacities of both the Bryant
(20,000 zpm) and Ekstrom, Carlsen (14,400 rpm) 20 horsspower spindlas
used in this program. This result signified that HSS cutters can be
readily used with this equipment and that both spindles should ¢gen-
erally be opsrated at maximoa speed vhan using either carbids or HSS
cuttsrs. . Thase reccamended or optimm spindle speeds alss provide
nseded criteria or goals for future, large horsepower, spindle designs.
Pinally, these data give soma idea of what ths magnitude of cptimum
cutting speeds for milling aluminum would bs. Por instance, as shown
in Table V., optimm cutting speeds for tha hsat-treatable aluminua
alloys would be on the order of 10,000 fest/minuta. Yor the lower
strength or softsr aluminum alloys, it oould be logically expected
that optimm milling speeds would have a somewhat highar magnituds.
Howaver, a notable axception 0 such a hypothesis is presented at the
bottom of Table IV for the case of AlS6=T¢ aluminum. Thers, it can

bs deducsd that ths optimum ailling speed for that very abrasive,

high silicen content, cast aluminum alloy will be significantly

less than 3,700 feet/minute. Thus, it can only be concluded that the
optimm cutting spesd for milling aluminum alloys will usually he on
the order of 10,000 feet/minuta.

brilling tests were performsd with the 20,000 revolutions/minute
spindle on the Caninil as devoribed in suhsection 6.2. The test set~-
up that was used is shown in Pigure 77. Both carbide and cobalt high
speed stsel (NS¥) drills wers cbtained for testing: however, dua to
P ‘ the inpressive results obtained with the X8B3 drills, it vas felt at
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the time that it would not be bensficial to evaluate carbide drills.
Drill sises wvare limited to l/4=inch diamater; because special milling
sachine typs toolholders (cf. Figurs 77) would have bean required for
edch Aifferent drill size, and l/4-inch drills were of a practical R
sise. St
L Progress for this event want about as far as it oould with a 20,000
] zevolutiona/minuts spindle. Thousands of holes were drilled through .
) 1/2=inch thick Al-7073-7651 platas with l/4-inch diameter, cobalt HSS Lo
drills at a speed of 20,000 revolutions/ainuta (1,300 feet/minute)
and & feed of 100 inchew/minute (0.0025 inch/tooth). BRased on end
mill test results, it may be possible to incraase both these.pavram- R
eters eight-fold; however, faster equipment will have to be made avail- ' j
|

able to verify such a supposition.

A typical drill used in this study is ahown in rigure 99. That particu- L
lar tool had just drilled 35,547 holes through 1l/2-inch thick Al-7075- W
TE51 at a feed rate of 100 inches/minuts and a cutting speed of 20,000 T
revolutions/minute whan it was photographed. As can be obaarved, its

corners have not broken down: and it is not badly worn. That drill secd
116
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8.4

which was made from cobalt high speed stesl was a general purpose
drill made by Straight Line and having the following modified
!

geometry:
Overall length: 3=1/4 inches
Flute length: 1-3/4 inches
Point angle: 121 degzess
Chisel edge angle: 131 degrees
Lip relief angle: 16 degraes
Poine: Notched
Vel thickness: . . 04038 inch
Flute flats: 12 degrees positive

Fesd ratas wars varied between 100 and 200 inches/minuts in the tasts
by overriding the N/¢ program, while maintaining a cutting speed of
20,000 revolutions/minuts. A feed rate of 200 inches/minuts may have
been satisfactory for drilling Al-A336-T76, but such a feed rate pro-
duced too much noise and chattar when drilling Al=7075-76€51. ‘That
uawvanted rasult could posaibly be overocome by injecting sufficient
cutting fluid into the holes in tims to do some good. As it was, ths
drills were in and out of the holes 30 fast that conventionally applied
cutting fluid never had a chance ¢© get to the cutting zone. Even at
a feed rats of 100 inches/minuta, the 4rilling operation gave all tha
appearance of baing a punching operation. Indsed, if it wers not for
the chips produced (seae Figurs 100), one might be justified in be-
leving that the high speed drilling opsration being witnessed was,
in fact, a punching operation. X typical spacimean produced by high
spead drilling is shown in PFigure 10l. Ths dxill that was used to
produce tha 2,408 holes in that test piece was indexed at 200 inches/
ainutes and fed at 100 inches/minuta by an N/C program. The resulting
sight was very iumpressive and indicative of high speed machining's
potaential.

Turning

Turning tests wers performed on a Bullard vertical turret lathe equipe
ped with an Ekstrom, Carlson Company (ICCO) high speed spindle as
shown in Figure 70, using end mills as cutting tools. That electric
D.C. spindle which was capable of produsing 20 horsspower at 14,400 R
revolutions/minute was mountad on tha Bullard's side turret, perpan- '
dicular to the Bullard spindle's canterline of rotatison. Cuts were
taken with the high speed spindile traversing downward while the . '.'.‘
Bullard's spindle was slowly rotated. Cutting speed was altered by C
varying the speed of tha high speed spindle or the cuttear diamatar.

Chip load was altered by varying the speed of eithar spindle or the

numbar of flutas on tha cutter (cf. Figure 79). Prinecipally, chip o
load was altared by varying the speed of the Bullard spindle. Work- B
pleces (see Pigure 102) were of a cylindrical form and appracimataly
24 iaches outside diameter by 18 inches inside diameter by 18 inchen
long. The Al=7075-T6 and Al-6061-T6 workpieces were forgings, and the
Al-AJ56~T6 workpiaces were castings. Machining parameter tests for
turning wers conducted on all three alloys, and the results cbtained
Are presanted in the subsections to follow. ) )
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Figurs 100, Typloal Chips Produced When Orilling Al=7078=T881 At 100 Inshes/Minute Feod Ruty
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Figwre 102, Typieal Workpionss for Turning Tosts ‘

,: _ 8.4.1 Faed Rate Optimization

As mentioned in subsegtion 8.2.1 for peripheral and milling, chip load
tasts could not be fully accomplished on the Omnimil due to the limited
speed at which its table could be moved. Since this was no problem 1
for the Bullard, chip loads for both operaticns were established with o
the Bullard.

used. That smal) diameter, cougled with the maximmm 14,400 revolutions/
minute spindle speed available, limited cutting speeds tp 3,770 feet/ _
minute. High speed steel end mills were used for the AlL-707% and oA
Al-6061 tests, but carbide and mills had to ba used foxr tusts on the
b very abrasive A356 aluminum alloy. Axial depths of cut were maintained Wl
C at 0.250 ineh, and radial depths of cut wers maintained as close to A
0.550 inch ams practical. Cutter gecnmatries were modified to provide |

L0

i

{

p .

u. For all tasts, standard one~inch diamater, 2-flute, end mills were
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12° primavy and 24° secondary clearance on cutter peripheries and 10°
primary and 20° sacondary clearance on end cutting edges. Additionally.,
when the centerlines of rotation for beth the cutter and workpiece
wera perpendicular to each other, as was the case on the Bullard, end
cutting edge angles were ground to 0° to provide an accaptable surface
finish. On the Omnimil, it was not found necessary to grind end cut-
ting edge angles to 0°; as excellant finishes were produced by meving
the cutter's axis of rotation off the workpiace centerline as indi-
cated in Figqure 103. However, since the tests were conducted on the
Bullard, cutters were centarad on workpiece centerlines, and the
reapective end cutting edge angles were graund to 0°.

WORKPIECE SA 408124
\ CUTTER

)

) 1asbso .

Figura 103. Recommended Cutter—\Warkgiece Oriantation for End Mill Turning . ‘1

.‘. ."‘

The mode of cuttar wear varied with all three aluminum alloys. As L]
{llustrated ln Figure 104, cutters wore mostly on the nose when mill- IR
ing Al-7075-T6 (cf. Figure 86). In contrast, cutters wore very uni= R

formly when milling Al-A356~T6 and mostly at the depth-of-cut line . J
when milling Al-6061-T6. Bearing thesa results in mind, feed rate . 1
optimization test results are presanted for each alloy in Figures
105 through 107.

SA 4081128
Al~7079 Al-358 Al-8061

Figure 104, Typical Wearlands Produced on End Mills by Aluminum Alloys

The optimum feed rate found for Al-606)~T6 was 0.010 inch/tooth as
shown in Figure 105. At that feed rata, cutter life reached a maxi-
mum. Cutter life was considered to be anded when the flanks of cut-
ters had worn 0.0l15=~inch uniformly or 0.020-inch localized. Where

121
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\ two numbers are given opposite a data point, these aithexr signify

r.-] the uniform and localizsd wear at that point or the wear for each
tooth. Some wide scatter can be noted in Figure 105 for tool life.

' That can be attributed to an early breakdown of the cutter at the
depth-of-cut line. If such a breakdown is allowed to prograss to a
point where the cutter beccmes notched, a strange event may occur.

For instance, as implied in Figure 108, the cutter, though still turn-
ing at 14,400 revoluticns/minute, had ceased to function as an end mill
and was producing a continuous chip. This event was not observed

with the other aluminum alloys, so it was concluded that it was

g attributable to cutter notching. In summation, the optimum feed rate
" - for Al-6061~T6 was shown to ba 0.010 inch/tooth for either condition.

Nl 7106 i $A 4081120

o

. R
PP SR B

!

Figurs 108, Cantinusus Chip Produced by End MIH Turning At 14,400 RPM
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‘were investigatad, feed rates of 500 inches/minute wers readily

RS

o a g

Feed rate 4did not appsar to have a large effect on cutter life when R
milling the relatively soft, but abrasive, A3S6-T6 aluminum alloy. - ;‘ R
As shown in Pigure 106, the ressultant curve was relatively £lat; and
it is likely that cutting force will be more of an optimum feed rate
criterion than cutter life in this case. An item of interast alsme

occurred for this event. That is, when chip loads of 0.017 inch/tooth

achieved. At that feed rata, metal removal rates of nearly 70 cubic
inches per minuts were realized. Though not as ramarkable, the opti-
mm chip load for Al=-A3356-7¢ was found t0 be & very good 0.014 inech/
tooth. )

kw
S
'

Teed rates for Al-7075-T6 ware not completely defined in these studiles.
As shown in Pigure 107, cnly ons leg of the curve was astablished. -
rrom that figurp, however, it is evidant that chip loads will not run J
as high for Al-7075-T6 as they did for Al-6061-T6 and Al-A336-T6. That

rasult vould be understandable becauss Al~707%-16 ig a harder, atronger

alloy. Howaver, it was surprising to nots that cutter life was mo

much longer for Al=707%-T6 than the othar alloym at comparable chip
lcads. PYor now, ths optimm chip load for Al-7073-T6 has been eatab- o id
lished as lying between 0.005 and 0.008 inch/tooth; and it is esti- S
matad to be 0.008 inch/tooth. L

When cutting many alloys, it is found that cutter life incrsases as
fsed zatas are Jdecreased. As discussed above, this was not found to
be the casa for the aluminum alloys. JFor these alloys, it wvas found
that cutter lives reached A maximum at scme uniques feed rats value.

As a conseguence, it will ba found that cuttar life on aluminum alloys
increases up to a point as feed rates ars increased. That this can
be trus is shown rathar emphatically in Figure 109. In that figure. NN
it can he obssrved that chip welding and, thersfors, cutter hreakage we)
was eliminated by increasing the feed rats. b

Bafare concluding this subsection, the gquestion of tooth density
linitation on cuttars should be addressad. Normally, aluminum cutting
end nills axe provided with only two flutas so that adequata chip
clearance can be provided to ninimize chip packing in the flutes. At
ultra~high cutting speeds) e¢.g., 20,000 revolutions/minuts, however,
it wvas found that 4~flute cutters presented no chip-packing problems ) b
vwhan making peripharal oats (cf. Figure 73) or shallow pocketing .
cuts (cf. uppar slot in Pigure 109). At those speeds, centrifugal

forces hurl aluminum chips awey from cutters with a sand blasting affact

that virtually precludes any chip packing.’ Such an ocourrence oould

purmit the usa of even highar tooth densities and table feed ratas.
Yor exanple, if a 0.010 inch/tocoth feed rats could be maintained )
with a 6=flute end mill revelving at 20,000 revolutions/minuta, then
the table feed rats ©ould be increased to 1,200 inches/minute. On

the cther hand, if chips cannot escape the cutting scne; e.¢., in a

slotting cut dseper than the cutter diametar, chip packing (cf. lowsr

slot in Figure 109) would bs apt to occur. If such a problem could
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Figure 100. Effest of Femi Rate on Chip Welding

not ba coxrected by increasing the chip load, then it might be neces-
sary to use a single fluta cutter such as the one shown in Figure 110.
That type of cutter was prepared by partially grinding one flute cff
a 2-flute end mill, leaving a heavy body section for strength. Such
cutters were successfully used for three high speed machining appli-
cations on the Guidance and Control shell (cf. Figyxo 63) .
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Figurs 110. Router fit Made From 2-Fluts End MIN
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8.4.2

8.4.3

Depths of cut

Yor all practical purposes, optimm radial and axial depth of cut
oombinations were sstablished on tha bettar instrusented Canimil.
Thersfore, the results presanted in Figurea 91 through 93 are recom-
mended for any applications involving the Bullard vertical turret
lathe. :

Susting Speed ORGIRLARGIOD

The Ekstrom, Carlson high speed spindle had three fixed speeds.
These were 3,800, 7,200 and 14,400 revelutions/minutas. Of thasa,
enly tha 14,400 revolutions/minute speed was really applicable to
high spesd machining studies. This shortcoming plus the trial-and-
error methods that had to be used to set table speeds (feed ratas)
and coordinate down-feeds, drastically reduced the varsatility of the
Sullard V.T7.L. as a test machine. However, an effort was mada to
develop a Taylor tool life curve for Al-A3Sé~T6, and the rasults ob-
tained are shown in Figure lll. TheTe, it can be cbserved that the
data develcped was not sufficient to establish a defensible curve.

At least thres data points would have been required for that purpose.
However, the data ware used to approaximats ths most economical cutting
speed for the very abrasive, cast aluminum alloy, A3Sé-T6. Using

the same analytical msthods that ware used in subsection 8.2.3, it
was calculated that the most sconomical tool life and cutting speed
for end milling Al-AlS6~T6 undar the conditions specified. in Figure

*11] vers on the order of 72 minutas and 2,290 feet/minuts, rsmpectively.

The most sooncmical cutting speed estimated above for Al-AJ36-76 is
much less than ths 10,000 feet/minute cutting speed that was roughly
estimated for Al-7073-7651 and Al-~8061-T65]1 in Table V. At this time,
it is believed that most aluminum alloys can be economically milled
at that estimated cutting speed of, roughly, 10,000 feat/minuts. It
is only for the few aluminum alloys which have high silicon contents)
0.9.: Al=A356, or other detrimental alloying that cutting speed re-
ductions for optimization would be anticipatad.

Geners) Obsexvations -

It has been pointed ocut in this section that current spindle speeds
on 20 horsepower machines are not fast enocugh to produce "wost eco~
nomical® qutting speeds for many aluminum alloys. In ths same vain,
it has been suggestad that future spindle .designs should correct that
situation. However, it would do little good to increasse spindle speeds
without firgt increasing table speeds or feed rates. Tor instance,

if the optimum feed rats of 0.010 inch/tooth were used to paripheral
mill Al-6061-765]1 with a 1.28~inch diameter, 4-fluts, end Aill turn-
ing at 20,000 revolutions/minute, a table speed of 800 inchas/minuts
would ba raquired. Since a 20 horsepower aachine with that capability
did not knowingly exist at ths tima, it wes concluded that existing
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.. table spasds wars already too slow for the high speed spindles then
’ available. Thus, it was further concluded that faster spindle speeds

will not be needed until fastar table speeds ars provided to close
the gap between the twe.
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9.1

9.1'1

._,,j

9.0 TEST RESULTS - CUTTING FORCE, HORSEPOWER,

CUTTER DEFLECTION AND PULL-QUT

Cutting Forces

A knowledge of cutting forces is needed by N/C programmers, production
planners and othars to halp control dimensional tolerances, machine
mors economically, minimize component distortion, and pravent cutter RN
breakage. Forcs knowledge is alsc usaful to tool designers in pre- L
paring holding fixtures; and it is particularly nesded for those
machine tools equipped with adaptive control.

In this section, results showing the effect of feed ratas, cutting T
speeds and depths of cut on cutting, feed, and thrust forces for '
Al=6081-T651 ara presented. o

Test Procedure

The setup used to perform these tests is shown in Figqure 72 and dis-
cussed in subsection 6.1. The workpieca blocks shown in that figure
maasured approximately 2.25 inches thick by 12 inches squaxs. The
blocks ware drilled, counterbored and bolted to the face of the l-axas
ailling dynamcomwter which had been mounted in a vertical position on
the Cmnimil. PFrevioualy, the dynamomater had baan calibrated in the
laboratory hy systamatically setting known weights on the thrae axes
of the dynamcmater and: adjusting the pen daflection produced by the
massuring and recozding devices (cf. FPigures 7J and 74). PYor this o
case, tha pens veres adjusted to deflect one centimeter for each 20 IO
pounds of load or forue. Scme cross talk was noted among the three
axses vhen each was individually loaded; but this was minimal, varying et
betwaan 1 and 2 percent. After the dynamometer had been calibrated et
and made a part of the Omnimil setup, the calibration was rechecked
then and from time to time. This was accomplished by electronically o
placing a simulated load across the force measuring system and noting S
the deflecticn of the oscillograph or plotter pens. If necessary, the

recording pens were readjusted to give the proper calibration; i.e.,

deflact the proper number of centimeters for the simulated loads.

Having established the means for mesasuring cutting forces, selected
machining paramstsrs were sstablished next. For this purpose, a test
matrix was prepared as illustrated in Figure 1l12. As shown in that
figure, axial depths of cut wera varied systematically from 2.0 inchaes
down to 0.128 inch. Por each axial depth of cut, radial depths of cut
were selected from Figure 92 to give machine loads of approximately
25, 50, 75, and 100 parcent. Feod rates and cutting speeds wera held
constant at 200 inches/minute and 20,000 ravolutions/minute for these
depth of cut tests. Yor the feed rate tests, axial and radial depths
of cut were hald constant at 0.750 and 0.200 inch, respectivaly.

Those values weres chosen because thsy ware expectad to use 45 percent
of the machine load. cCutting speeds were held constant at 11,000
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MATERIAL: S081-TEBY

Figure 112. Matrix for Cutting Foros Tests — Cutting Fores amd Power Dam
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ravolutions/minute for the fesd rate tests to permit a mors practical
U range of faeds) while fuad xate itself was varied from 20 to 200
inches/minuts or from 0.001 te 0.009 inch/tooth. Finally, cutting
speaeds ware varied from a lowest possible 10,800 to a highest possible
B 20,000 revolutions/minute, and feed rates wers varied from 110 to 200
S inches/minuta to maintain a constant chip load, in destermining the
n effect of cutting speed on cutting force. Axial and radial depths of
. SR cut were again held constant at 0.730 and 0.200 inch, respectivaly.
: While force tosts were performed with other parsmeters, the onwa
R listed in Pigure 112 served as a nualeus for the cutting force tests.

P : As shown in Pigurs 112, most ¢f the cuts were made with l.25-inch diame-
. estex, 4-flute, 4-parcent cobalt high speed steel end mills. The only
r axceptions wers wade for the feed ratsa tests and for thome radial
depth of cut tasts that excaeded 1.200 inches. For the fead rate
tests, 1.25~inch diameter, 2-flute, 4-paxrcent coba.t high spaed stesl,
end mills wera used; while 2.0-inch diameter cutters were used for

the deeper radial depth of cut tasta. Cutters of l..S5-inch diameter
ware selected for testing purposes becuuse balancing was generally

not a problem for cutters this size and under. Additionally, thase
cutters were of a practical size, offering good strength, fair chip
clearance, and moderataly high cutting velocities. The 2-fluts sutters
ware used to obtrin hiqher chip loads, and the 4-flute end mills ware
salacted for their grsatez section modulus and bresaking strength.
Additionally, all cuts were made in the climb milling mode.

Aftar setting selocted axial and radial depths of cut, fueds and
spueds on the Omnimil which had also been previously calibrated, buth
the milling machine and oscillograph were activated and force record-
ings were made fram the beginning to the and of the cut. Tha forca
recordings were inked on graph papexr by the X-Y plotters shown in
Figure 74 because the printer osn the galvancmeter-type osclllograph
shown in Figure 73 proved to be too noisy. Readings from the racord-
ings were made aftor the foxce traces had gtabilized. This procsdure
was repeated for each combination of cut depth, speed and feed listed
in Figure 112 plus a few supplementary coubinations.

A
o
b

9.1.2 Force Measuresments -

Along with the depth of gut tests reported in subsection 8.2.2, cutting
force tasts wers conductad on Al-6061-TE51 in particular, using the

teydt procedurss described above. The forces mecsured are aexemplified

in Figure 113. Theas ars the cqutting force (I'y), which in thia casa

is directed parallel with the Z-axis of the Cmnimil, the feud forca

(rg), the thruat force (F.), and tha rusultant force (R). For simpliaity,
the force diagram was constructed at the aft end of the cutter instsad

of the cutting end. In compliance with the type of cuta made in TS
these tasts, the diagram shown in Figure 113 is represantative of B
periphexral milling in tlie clinb mods.
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RADIAL -
0EPTH DIRECTION OF e
OF CUT CUTTER ROTATION

DIRECTION OF
TABLE FEED

/ Sy
Y OMNIMIL AXES
Z  (REPERENCE)

Fo.Fu P ANDR = FONCES EXERTED ON WORKMECE BY CUTTER
‘ aplerdend

Figare 113, Cutting Forca Dingrasn for Cllmb Milling

The foxce results cbtained on Al=-6061-7651 with relatively sharp cute
ters are presanted in Pigurss 114 through 119. Except for tha rasulta
shown in Pigure 115, most of the plots wara ordarly and empirical

_aguations wers daveloped by linesnr regression for most from the data.

The plot in Figure 113 was correctod by working backwaxds from the
spindle horsepowers revoried for the speeds shown. Those for which
extrapolations were mads wers in acbvious error, beacause the core
rasponding cutting forces indicatsd higher cutting horsepowers than
spindle haorscpowsrs, an ‘mpossibility. PForce results for the other
two axaes (cf. Figure 118) support that corrective procedurs. In sum=
mation, the effect of {eed ratas on cutter forces are given in Figuras
114 and 117; the effaect of cutting speeds on cutter forces are given
in Figuces 115 and 118; and the effacts of cut dapths on cutter forces
ars givan in FPigures 116 snd 119.

Geaneral Cbsexvations on _Gutter Forcaes

Based an data prasentad in Figures 118 and 118, cuttar fczces dn not
apreAr to ba influenced by cutting speeds varying betwean 3,500 feet/
nincte and 7,000 feet/minuta.

Feed rarzes and cut depths have a sigaificant effect on cutter forces.
However, the effact of radial depths on cuttsar forces decrease as axial
depths decraase.
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0 SA 40811238
12 — s v .
CUTTER: 1.25~IN. DIA., 2-FLUTE, 2~IN. F.L., CoHSS, END MILL
CUTTING SPEED: 3,600 FEET/MINUTE
FEED: ASSHOWN
100~ CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30) —

CLIMB MILLING
RADIAL DEPTH: 0.200 IICH
“r_ AXIAL OEPTH:  0.750 INCH

Foe8.2821,+9 e
o
va

>

CUTTING FORCE (F‘) {L8S)
5 =

L
[ —J
&)

] r 10 12 14 18
FEED (INCH/TOOTH x 10-3)

Figure 114, Effect of Faed Rate on Cutting Foree for Al=8081-TE81 Aluminum

an SA 4081 —129
Ll g | 1 L -1 ) T T
GUTTER: 1.23-IN, DIA., 4=FLUTE, 2.8-IN, F.L,, CoHSS, ENO MILL
CUTTING SPEED: AS SHOWN
100} FEED:  0.0028 INCH/TOQTH
|~ RADIAL DEPTH: 0.200 INCH
- AXIEL DEPTH: 0,780 INCH
q CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
= gol—CLIMB MILLING
‘“
*
]
x 60
e I
@ o 2
E & e 1
) X e
(%)
0 ACCEPTABLE '
20 o INCORRECT - 4
x EXTRAPOLATED .
0 1 p 3 r g ] 7 3

CUTTING SPEED (1,000 FEET/MINUTE)

Figure 115, Eftect of Cutting Speed on Cutting Force for Al~8081-TBS1 Aluntinum
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SA 1081131

100 TTER:  1.25-1N, 1A, 2—FLUTE, 2—IN. F.L.. CoNSs, END MILL
CUTTING SPEED: 3,600 FEET/MINUTE
FEED: ASSHOWN
80} CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
CLIMB MILLING
RADIAL DEPTH: 0.200 INCH
AXIAL DEPTH:  0.750 INCH
- I N
- E, = 6008.2dp + 122~
o t ]
E " ’(c
P o
20 a:.)
}ﬁzd gy 4537445 -08
% z r ] ' R T R T
FEED (INCH/TOOTH x 10™3

Figure 117, Effect of Feed Rate on Feed and Thrust Fores for 6061-T081 Aluminum

1“ SA 1081 ~-132
CUTTER:  1.25-IN, DIA., &~FLUTE, 2.5-IN. F.L., CoHSS, END MILL
CUTTING SPEED: AS SHOWN
FEED: 0.0028 INCH/TOOTH

®f CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
CLIME CUTTING
.| RADIAL DEPYH: 0.200 INCH
3 gol AMAL DEFTH: _0.750 INGH -
Y
-
c & o]
0=q —
20 = .
|
% 1 p ] r ) C P

CUTTING SPEED (FEET/MINUTE x 109

Figurs 118, Effact af Cutting Speod on Feed and Theust Force tor S081-T881 Aluminum
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Genarally, the cutting force component (F_.) was less than the feed

force component (Fg) for machine loads under 25%. Howevar, at some
machine locad value between 25 and 50 percent, this trend reversed;

and the cutting forces component became dominant. As machine loads

wera further increased, so did thes domination of the cutting force

component.

Most of the plots in Pigures 116 and 119 are hased on three data
points. These data points are represantative of machine lcads of
approximataly 25, 50, and 75 percent. From these data, it was deduced
that the Bryant high speed spindle should not be used for applications
requiring more than approximately 80 pounds of cutting force; i.s.,

a 7%-percent machine locad. While it is not sxpected that a 100=pound
force would broak a cutter or damage a part or machine toml, it is
likely that such a force would trigger protective interlocks and

shut down the machine.

Horsepowsr

Since a part should never be put on a machine tocl that doeas not havae
the power ©o produce it, a knowledgea of horsepower requirements is
nesded by machine loading groups in particular. Horsepower require-
ments can be controlled sincem these aras functions of cutting speeds,
feeds, depthas of cut, cutter gecmatry, cutting fluids and other
machining parameters. Thus, a knowledge of the effect that each of
thase has on horsepower ia needed by N/C programmers and production
planners to help design a machining operation so that it can stay
within machine powsr limitations. High speed machining introduces
another need for horsepower knowledge. That is, all things being
equal, horsepower will increase linearly with cutting speed; and a
high horsspower spindle may be raquired for high speed machining.
Thus, a knowledge of horsepowar demandg is also neaded by spindle de=-
signers to help build adequately powered, high spesd spindles.

Horsepower is usually expressed in terms of spindle (input) horse-
power or cutter (output) horsepower, Spindle horsepower is generally
determinad with a wattmetsr, and cutter horsepower is usually deter-
mined with a dynamometer. Of the two, cutter lLorsspower is more
difficult to measure. Additionally, cutter horsspowar will always

be less than its corresponding spindle horsepower because of the
trangmission, frictional and thermal lossas sustained in just driving
the spindle. The ratio between the two is a measure of a spindlae's
efficlency.

In this section, results showing the effect of depths of cut on
spindle horsepower requirsments for Al-7075-T651, Al-6061-T65), and
Al-A356-T6 ars presented. Additionally, results showing the affact
of feed rates and cutting speeds on spindle horsspowe¥ requiramants
for Al-7075-T651 and Al-6061-T651 are given. PFinally, results show-
ing the effact of faad ratas, cutting speeds, and depths of cut on
cuttar horsepower requiremants ars presented for Al-6061-T651.
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9.2.2

Test Procedure

Spindle horsepowers warse dstermined by measuring machine loads and
cutting speeds for all of the tasts indicated in Figures 91, 92, 93,
and 112 plus those from a fav supplementary tasts. Thess data ware
then converted to horsepowers with the aid of foxmulas described in
subsection 6.1 or the nomograph shown in Figure 71.

Cutter horsspowers wers calculated fruvm the cutting force (F,) and
cutting spaed data contained in Figures 112, 114 through 1l19. The
formula used for that purposs was also prasented in subsaction 6.1.

Unit power requiraments were d.uni.n'od for both spindles and cuttar
horsepowser. This wvas accomplished by dividing each horsepower value
by its corresponding metal removal rate value in cubic inches/minuta.

Spindle efficiencies were dstermined by dividing each cuttar horse-
povwer value by ita corresponding spindle horsepower valuas.

Horsspower Neaguzementy

Using the procedures described above, spindle horsspower was datsre~
ained for all three aluminum alleoys and cuttar horsepowar was de-
tazmined for Al=-$061-T631. The results cbtained are shown in Pigures
120 through 126. While most of the plots wers orderly, scme incon-
sistancy wvas notsd among the spindle efficiency plots contained in
Figures 120 through 122 and Pigure 128.

The effect of feed Tates o horsepower are given in Figures 120 and
123 for AlL~6061-T651 and Al=7073-T651, respectively. The effect of
cutting speeds on horsepower requirements for the same matarials are
shown in PFigures 121 and 124. For conveniencs, empirical equations
were davaloped from and superimposed on these plots. The abbrevia-
tions used in the equaticns are defined as follows:

HP, = spindle horsepower

P, = cutter horsepowar .
£, a feed (inch/tooth)

v =  cutting speed (feet/minute)

The effect of dapths of cut on horsspower requirements ars presented
in Pigure 122 for Al-8061-7651, PFigure 125 for Al=-7075-7631, and
rigure 126 for Al~-A336-T6. TFinally, the effect of aluminum alloys

cn horsepower requiraments ars shown in Pigure 127; and the effect of
carbide cutters on horsepower requirements are pressntad :I.n ugu'u
128 for AlL=707S-TE5l.

A sumary of horsepowar and metal ramoval rate data obtained for Al-
6061-T851 at different machine load percentages is presentad in Table
VI. Also included in this table ares the unit horsepower and spindle
efficiency results.
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SA 1081 —133

1 WO CUTTER:  1.25-IN. DIA, Z—FLUTE, 2-IN. L., CaHSS, END MILL
i

CUTTING SPEED: 3,600 FEET/MINUTE

FEED: ASSHOWN
281~ GLIMB MILLING

o RADIAL DEFTH: 0.200 INCH

o AXIAL DEPTH:  0.750 INCH

n w0 CUTTING FLUID: WATER SOLUSLE OIL MIST {1:30)

g HP, = 1080.1 f, + 104 L~

R : 1or .o’o'“ P
. ’ ’ -
) ﬁ /4 ur,l- 64871, +1.08
dﬂ 4 ) [} 'L> 1 1 14 190

FZED (INCH/TOOTH x 10~3)
Figure 120. Etfect of Fosd Rote on Spindie and Cutter Herspevwer for Al=8081 T85! Aluminum

SA 4081 ~1 34

T 1 T 1 LN L A
CUTTER:  128-IN. DIA., &~FLUTE, 2.5~IN. F.L., CoH88, ENO MILL
CUTTING SPEED: AS SHOWN ;
FEED: 00028 INCH/TOOTH
e

ADIAL : 0200 INCH .
AXIAL OEPTH:  0.780 INCH X = EXTRAPOLATED
20{— CUTTING #LUID: WATER SOLUBLE O1L MIST (1:30)

18

NP, = 0.00187V + j...llo'/
aoJ—

? - -
/cf»x

o »

LNP, = 0.00081V +1.08 oy

k] 4 8 - [ 7 $ ] 10
CUTTING SPEED (1,000 FEET/MINUTE)
Figurs 121, Etfest of Curting Speed an Spindle and Cutter Horsspewer for Al-8081-T881 Aluminum

- NS
!
i
"

141 ST

e~
ata, 0 0
tat el




manpuagy (S51-1900-1V 33) Smedetsog) 1) pue ypoiy ve ) o stisg )0 1933 L) Imby

{ L _ _ _ L] . JIewuwiIIS 008 SILM SisE)
ST N Y THAGEISNT3 "I SE 3 VW B STt SN




SA 4001~} 16
30
1 st
204~ p ”
1 :
-ur = 44984 f + 1.1 X
] | -
. CUTTER:  1.28~IN.DIA., c-mm 8-IN. F.L.,__] R
0 CaMsS, END MILL TR o
CUTTING SPEED: 6,000 FEETMINUTE AP
PEED: A% SHOWN
' CLIMB MILLING
RADIAL DEPTH: 0.200IN.
AXIAL DEPTH: 0780 IN,
. CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
] ~1 S | 3 ' 7 r
. FEED (INCH/TOOTH x 10~} R
- Figurs 123, Effest of Food Rats on Spindle Horspower for Al-7078-T881 Aluminum 3

$A 4081 = 37
my 1 L 1 | T 1
’T CUYTER: 1.28-IN. DIA, 4~ELUTE, 2.5~IN. #.L., CaH8S, END MILL
CUTTING SPEED: ASSHOWN o
ag|- FELD: 00028 INCH/TOOTH R
CLIMB MILLING . W
AADIAL DEPTH: 0.200 INCH
AXIAL OBPTH:  0.780 INCH
208~ CUTTING FLUIO: WATER SOLUBLE OIL MIST (1:30) X
o
L2l ]
18 . e
HP, = 000101V + 1.34
=
o skt
[
y . ' oo
CUTTING SPEED (FEET/MINUTE x:10%) S
Figurs 124, Effest of Cutting Speed on Spindle Hersepower for Al=7078=TUE1 Aluminum _
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TABLE VI ~ SUMMARY OF HORSEPOWER AND METAL REMOVAL RATE ‘
[] DATA DEVELOPED FROM END MILLING TESTS ON e
W 6061-T651 ALUMINUM
:_'_: Axial |Redial Metal Horsepower Cu. In./ Spindla ]
Depth |Dapth Feed | Removal Min, /HP Eff.
“: cutter|{incn) {inch) RPN (IPM) Rstl Spindle |Cutter |Spindle| Cutter| (%)
(in. ') -
| FTTN7-T S
* [2.00 |0.040 | 20,200] 200 | 16 . 7.5 4.2 | 2.12 | 3.80] 56 ]
« [1.%0 |o0.0%0 15 6.7 2.2 2.23 | 6.82] 33
* }1.00 {0.070 14 7.0 2.8 | 2.00 | s.00] 40
*+ ]0.75 |0.090 14 6.7 2.4 | 2.00 | s.80| 39
* |0.50 |0.140 14 6.2 3.2 | 2.26 | 4.38] S2 -
* lo0.28 {0.350 . 17 7.4 5.6 | 2.3¢ | 3.13] 76 )
E— T ]
*  12.00 |0.080 » 14.8 | 10.4 | 2.16 | 3.07] 70 Co
* (1.8 [0.100 3 12.8 8.0 | 2.25 | 3.7%5| 63 S
* 11.00 [0.160 32 13.1 8.6 | 2.44 | 23.72| 66 o
* {o0.7% [0.220 1 13.8 | 10.0 | 2.44 | 3.30| 74 !
* |o.50 [0.350 as 1.2 | 1.4 | 2.68 | 2.07| 86 !
« |0.28 |0.77% 39 13.7 | 1.4 | 2.8 3.42| 83
vv  10.12%813.400 3s | 12.4 £.4 | 2,82 | e6.48| 44
138 Load
* ]2.00 0.220| | 48 21.3 | 16.4 | 2.26 | 2.92| 77 L
*  J|1.50 [0.1%0 45 18.3 | 12.6 | 2.46 | 3.57| €9
*+ |1.00 |0.250 50 19.7 | 14.8 | 2.54 | 3.38| 7% \
» (0,75 |0.340 51 19.7 | 17.2 2.%9 | 2.97| 87 -
1 » lo.30 |o.580 ss 19.4 | 14.8 | 2.8¢ | 3.72] 76
* lo.28 [1.200 €0 21.3 14.8 | 2.82 | 4.08] 69 )
v 10.125|12.165 | - | | 34 — — | m— — | - P
»» l0.1281.800 | 20,200| 200 | 4 18.6 6.4 | 3.46 | 8.44] @ N
Ovarall Avarage 2.49 4.32] 63
% *1,25-inch diameter, 4=-fluts, 2.5-inch fluts length, cobalt HSS, end mill

1 **].9~inch diametar, 2-flute, 2-inch fluta length, cobalt HSS, end mill
P_‘ N

\ 9.2.3 General Gbservations on Horsspower MNeasuzements

Basad on rasults shown in Table VI, the maximun metal ramoval rate

that can be obtained on a continuous duty cycle basis with the Bryant
s 20 horsepower, high speed spindle ia approximataly 23 cubic ‘inches/
g minute.
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- In Figures 121 and 124, it can be observed that horsepower require-
K‘ ments increigse with cutting speeds. Since horsepower is the product
v of cutting force and cutting velocity and cutting forces were not

o effected by cutting speeds, that is a logical result.

According to the spindle horsepower equation given in Figure 121, a
170-horsepower spindle motor would be required to make the same cut at
-, 100,000 feet/minutae.

The spindle horsepower equation given in Figure 122 for 1.0-inch axial
depths infers that a 37 horsepower spindle motor would be required to
make a 1.0-inch deep slotting cut with a l.0~-inch diameter cutter. If
it were desired to make this cut at a 50-percent duty cycle, a 78
horsepowar spindle motor would be required.

_ A comparison of Figures 120 and 123 shows that Al-7075-T651 is much
¥ mora faed rate sensitive than Al-6061-T651.

Results shown in Table VI indicate that approximately 2.5 cubic inches
| of Al-6061-T651 can be millad per minute for each unin of cpindle horse=-
hd power that is available.

9.3 Cutter Dafiection

Cutter deflection data are needed by N/C programmars to halp maintain
dimensional tolerances. Generally, one or more floating cuts are in-
cluded in an N/C program to correct for cuttar deflection induced tol-
erance orrors. When the number of floating cuts provided are insuffi-
clent, a new program generally has to be made; and that is costly. O©On
the otherhand, if the number of floating cuts provided ias excesaive,
the N/C machine will loaf a part of the time; and that, too, is costly.
Thus, cutter deflaction data are needed to help reduce machining costs
as well as maintain dimensional tolerances.

In this section, results showing the effect of feed rates, cutting
spaads, and depths of cut on cutter deflection are aiven for Al-€06l1-
T651. Additionally, results showing the effact of depths of cut on
cutter deflection for Al-7075-T651 and Al~A356-~T6 are prasented.

9.3.1 Tegt Procedurs

The experimental satup used in performing theses tests is shown in Fig-
ure 72 and discussed in subgection 6.1. Since these tests were con- RO
ducted in conjunction with the optimum depth of cut (cf. subsection T
8.2.2) and cutting foros (cf. subsection 9.1) tasts, the same end mills T
and test blocks uzed in those investigations were also used in this
study. However, to show the effect that flute length has on cuttar
deflaction, some additional tests were rerformed with 4-inch flute
length, 1l.25=-inch diameter cutters.

.
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®

After a pass had been made across one of the l2-inch test blocks (see
Figure 72) in the above refarenced tests, the cutter was brought back

to the end of the test block and allowed to dwell in the cut until it
reached an undeflected position. The end mill was then worked back

and forth a fraction of an inch to produce a muall, undeflected flat on
the machined surface. Cutter deflection was then datermined by measur-
ing the height of the resulting step with a depth gage micrometar.

The deflection measuraments were made at the bottom of the axial depth
of cut and wers, tharefore, represantative of maximum cutter deflections.

.
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Az bafora, these tests wars [exformed with ralatively sharp cutters,
using peripheral milling in thas climb mods.

9.3.2 cu [ amants

The cuttar deflsction measuretisents cbtsined with the above described
procedurs ara prasantad in Figures 129 through 133. The curve £it in
thase plots, while not as ¢ond as before, was adequate for the most
part. A notakle exception to that cbservation is shown in Figure 130
for the case ¢f cutting speed versus cuttar deflection. In that plot,
no definite trand was established. However, when an axtrapolatsd value
was obtained for a sutting speed of 3,600 fest/minute and a 0.0025
inch/tooth feed rate with the formula in Figurs 129, the curve in Figure
130 took on a zero slope~look, as shown. If that procedurs can be
accepted, then it can ke concludad that cutting speed has little effect
on cutter deflection uver the range tasted. It is balieved that much :
of the scattar shown in Pigure 130 can be attributed to vihrations in- S
duced at resonant frequancies.

As mentioned, tlie affact of feed rates on cutter deflection ars given
in FPigure 129 for Al-6061-Té51, and tha cffect of cutting speads on
cuttar deflection are indicated in Figure 130 for the ssme matarial.
The effect of depths of cut on cuttar deflection are presented in Pig-
ure 131 for Al-6061-TE€51, Pigure 132 fox Al-7075-7T6%1, and Pigure 133
for Al~-A3ZS5-TE8. Ths faraulas “evelcoped from and superixzposed cn thoss
plute were astablisbed statistically wikth linear regression.

9.3.3  Gsneral Chservations om Gutter Defisctions

While no direct comparison can be mada, it does not appear frum these
data that high cutting speeds have any detrimental effect on cuttar
deflecticn. Cutter deflections of 0.006 inch and 0.008 inch are com-
mon at conventiocnal cutting speeds.

Cutter defllection increases significantly as flute lengths are in-
czeased. Increasing the flute length of a 1.2%5-inch diamater end '
aill fram 2.0 inches tn 4.0 inchas can increase cutter dnfluctiom as TN
mich as fourfold. L

Cutter deflection was observed to be quita sensitive to feed rats PR,
changss. As shown in Figure 129, cuttar deflecticn increased or de- SN
creased almost identically with feed zate. B
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Figurs 129, Etfect of Poed Rate an Cutter Deflection for 3081=T881 Aluminum - ;
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MATERIAL:  6081-T8B1 ALUMINUM
- CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
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Figurs 130, Effeat of Cutting Speed on Cutter Deflection for 6081~TBE1 Aluminum N
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CUTTER:  1.75-IN. DIA., 3-FLUTE, 2N, F.L CARGIDE, END MILL A €081 1 48
3 CUTTING FLUID: WATER SOLUBLE DIL MIST (1:30)
1 CUTTING SPEED: 9,270 FEET/MINUTE
. REED: 0.0033 INCH/TOOTH
200 [NCHMINUTE
o CLIMB MILLING
| AXIAL DEPTH = 1.8 INCH o | _— -
¥ 0.004 (- & = 0.0274 dy _ —
- /}/
; 0008 L= N
- 0.000 0025 0888 0378 108 0428 0.180 G178  0.200 0328
’ e S e
AXIAL DEPTH = 1.0 INCH //"5
= \ 0.004|——5 = 002144y, + 0.0008 o ~
.\ . 0 i
; 0002 :
= —")
[ ]
E OG0 DL OG0T Gi00 Wi G180 0Tl 030 0218
g YT T T
- AXIAL OEPTH = 0,76 INCH ) Mp/g
E 0.008 |- 5 = 00108 d + 0.0008 7?/-
U wg,*ﬁ—’@‘
0.082 /"}
/
0.000
0.000 G050 0106 0.180 4200 050 0300 0350 0.400 0.480
0.008 _ . S
L =t
a.004f 3
o LT . P ’
0.002}-—="] AXIAL DEPTH = 0.280 INCH
5= 0.0020 4y + 0.002
0000 |1

0000 0200 0400 CG&00 0800 1.000 1.200 1,400 1.800 1.800
RADIAL DEPTH OF CUT, dy (INCH)

Figurs 133, Effect af Depths of Cut on Cutter Oeflestion for Al-A3S3=T8 Aluminum
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b.

9.4

9-4‘1

Cuttexr Pullout

In an end milling operation, A cutter, by design, will try o pull out

of its toolholder. 1If unable to do that, the cutter will try to pull

the toolholdsr out of the spindle. If unable to do that, the sutter
will txy to pull the spindle out of its housing. The magnituda of the
pull appears to increase specifically with feed rates, cut depths, cut-
ter helix angles and, to some extant, cutting speed or, in general,

with machine loads. If the load becomes high enough, somathing has to
give. Generally, it will be nothing more than the axial depth of cut
increasing, rendering the part out of tolerancs. In extreme cases, a
part may be suckad into the cutter and ruined; or the spindle shaft or
bearings may become damaged. While such results occur for conventiocnal
nilling as well as high speed milling, these are more critical for the
latter. PFor instance, if a spindle is turning at 20,000 revolutions/
ainuts and a heavy pull ia induced on its shaft, there will ba a tandency
to pull the bearings apart. REven if the hearings are only stratched
rather than pulled apart, excessive heat may be generated at that speed
which, if not tha applied load, may warp the shaft, bearing races. et
cetera, randering the spindle ocut-of-balance and, essentially, inoperable.
Such a result ccourred twice during this program. Any future reoccur-

. rences of this result could, probably, best be alleviated by redesigning

the spindle; e.g¢., addipg thrust or hydraulic prelcad bearings at the
foxward journal. However, to halp allaeviats reocourrsnces of tha above
result for now and to help maintain diwmensional tolerances, this test
program was initiated to establish the effect of cut gecmatrTy on cutter
pullout.

In this section, results showing the effect of feed rate and radial
dupths on axial dapth growth (cutter pullout) are presented for Al-
6061-T€51.

Test Procedure

The experimantal setup used in parforming these tests is shown in Pigqure
72. These tasta were performed simultaneously with the cutting force
tests (cf. subhsection 9.1) and cuttar deflection tests (cf. subsection
9.3). Conssguently, the same end milla, test blocks and paramstears used
in those tests wers also used in this investigation. Likewise, relatively
sharp cutters were used to make periphsral end ailling cuts in the

¢liml mods.

After a pass vas made across cne of the li-inch test blocke ahown in
rigura 72, the true axial depth of cut was determined by measurenent
with a depth gage micromater. The differance between that measure-
mant and the original setting was the measura of cutter pullout.
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9.4.2

Gutter Fullout Measurements

The cutter pullout measuremsnts obtained with the above described
procedurs ars plotted in Figurs 1l34. The curve fit for the two
plots was considered to ba satisfactory.

As shown in rigure l34(a), cuttar pullout appearsd to Deak at a
machine load of approximately 758 when cut depths were varied. In
contrast, the fsed rats curve in Figurs l34(b)} 4id not exhibit any
peaking tendency; and its slops indicatsd that feed rats has a more
pronocunced offsct on cuttar pullout than radial depth of cut,

The results of Pigure 134(b) also imply that optimum fasd rates
(asf. Pigure 105) would overload tha existing Osnimil high speed
spindle (cf. Figure 62) and would tend to pull its bearings apart.
Based on those obearvations, it was ouncluded that more powerful
and rugged spindle motors wers needed for high speed machining.

As mantioned in subsaction 8.5, faster spindle speeds will not

be nseded until fastar table speeds are provided. However, faster
table speeds may not be usable until mors powerful and rugged spindle
motors are provided.. For these reasons, it was further oconoluded
that future davelcpmantal efforts for high speed machining equip-
oant should be acocomplished in the fullowing ordar of priority:

a. More powerful and rugged spindls motors

b. TFaster table spesds
S. ' Tastsr spindle spesds.
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10.0 TEST RESULTS - SURFACE FINISH L
m AND RESIDUAL STRESS i
) -

10.1  Iatroduction

- Safors using any nev manufacturing process, it is usually necessary to
i datarming what effect, if any, it has on part quality. In the preced-
- ing section, it was shown that cutter deflection on aluminum was no

v, worse at high cutting speeds thpn it was at conventional cutting speeds.
v From that result and subsequent machining studies on Guidance and Con-
trol shalls (cf. Pigqure 83), it was concluded that high speed machin- RO
e ing was not detrimantal to machining tolerances. That observation, RN
> coupled with ones whigh showed that aluminum parts stayed cooler and e
ware subjected to lowsr cutter forces during high speed machining op-
erations than conventional machining ocperations, signified that part
acCUracy may be enhanced by high speed machining. 1In this section,

the effact that high speesd machining has on surface £inish and residual
stress gensration was investigated to further evaluate the process' N
effect on part quality. N

10.2  Surface Finigh

Practically svery machined part is given a maximm permissible surface
finish or roughness valus. This is done to improve the wear, perfor-
mance Or appesrance of the part. Along with dimensional tolerance,
this important. property determines what the machining paraseters will —_—
be for finishing cuts. Generally, surface finishes will improve with e
cutting speed increases or feed rats reducticas. PFor that reason, it
was expactad that high spesd machining would be especially baneficial
for surface finishes, and tasts were performed to substantiats that

h conclusion.

" In this secticn, results showing the effect of cutting speed and feed '?'__'.jj
: rate on surface finish are presentad for Al-7075~T881, Al-6061-T651,
and Al=AlS6-76,

10.2.1 Test ' ..

+- The equipment used to perform thase tests is shown in Pigure 72. That . -
- setup was modified for the surfacs finish tasts in that the dynancmster R
- and tast block were replaced with the vise shown on top of the angle e
- block. The angle blook was than rotatad 90 degrees so that the vise
[ would be parallel (facsing the readsr) to the cutter axis. After clamp~
L ing a 2.0= by 2.0~ by 2.0=inch tast block in tha vise and squaring it,
4 conventional milling cut was mads, using a prescribed cutting speed T
and feed rates, a 0.050-inch radial depth and a 2.0-inch axial depth of L
cut. Aftar a saries of pariphsral milling cperations had been performed
in that mannar, the blocks (ses Figure 135) wers taken to Inspecticn,
whezre, surface finish measursments were made with a Taylor-Habson,
Surtronic 2, profilometer.
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The cuttsr used in thase tests was a 2.0-inch diameter, 2-flute, 2.5~
inch fiuts length, 4-percent cobalt, high spead steel end mill. That
size cutter was used mo that cuttinq speeds to 10,000 faet/minuts
could be chtained.

To ocbtain the range of cutting speeds desired, tests had to be run on
two Omnimils. ‘A standard Omnimil was used to obtain cutting speeds
under 2,000 fset/minute, and ths modified Omnimil (of. Figure 62) was
used to ocbtain cutting speeds over 5,000 fest/minuta. The cutting
speed gap batween 2,000 and §, 600 feat/minute could not be filled with

camparable squipment.

Peed rata selections wers limited to a maximm of 0.00% inch/tooth on
the Omnimil. Additional tasts were run at a feed rate of 0.0028 inch/
tooth for ma;,tivo purposes.

Surface Finish Nessuressnts

Using the above descrided procedures, surface finishes for all thres
alloys were measured over a wide range of cutting speeds for two d4if-
farent feed ratas. MNeasuramants wers nmads both perpendicular and
parallal to the dirmction of lay (see Figure 136). The results cbtained
are presented in Piguraes 137 through 139. The aumerals opposite some
of the data points in thoss figures indicate the number of times that
tast result was cbtained. The curve fit was not very good in the plots;
therefors, scattar bands wers drawn instead of curves for most of the
cases.
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10.2.3 General Obsarvations on Surface Finigh Measuraments

All of the surface finish values shown in Figures 137 through 139 are
good; and some ware much beatter than expected. In particular, the
surface finishes obtained at low cutting speeds in the parpendicular-
toelay direction far exceeded expectaticns. Only those shown in Figure
139 came near o followlisr an sxpected trend. All of the othar surface S
finishes produced at conventional spPaeds wers as ¢good as those pro- atnla
duced at high speeds. No good explanation can be offered for such an e
uncharacteristic result at this timas. R

]
!

Another unusual result conceras itself with the direction of measure-
ment. Fror instance, it appears from Pigure 136 that a rougher surface EREN
zeading would be ocbtained in a direction perpendicular to the lay than AR
parallel to it. However, the opposits rosult was found for all cases .
in this investigation. Again, no good explanaticn can be uffered for N
such an unexpected result at this tims.

T e i BN ol ol ANCEANCIR
S e PR RPAIRE L [ N

Overall, a faed rate of 0.0025 inch/tooth produced better surface s
finishes than a 0.008 inch/tooth feed rata. However, the margin of s
superiority was hardly discernidble and unworthy of any production o
sacrifices. ror now, a faoed rate of 0.005 inch/tooth can be rescom= e
manded for finishing cuts on aluminum. That figure will probably be e
ralised wvhan fastar table spesds with which to inveastigats it beccme
avallable. )

h This investigaticon did not do what was expected of it. That is, it

o did not prove conclusively that high spsed machining would improve
surfaca finishas. BHowever, it did prove that high speed 'wuchining
vas not detrimental to and oould produce cutstanding surface finishes.

h " 10.3 Basidual Stress

Whenever a machining cut is made, a surface layer is produced on the
workpiece that is different from the parsnt metal. This surface layer
may be shallow or dasp, dspending upen the severity or abusivenesa of

, the machining cperatiom. Such a surface layer can be seen if a
l photemicrograph is made of it. In the photomicrograph, ths surfacs
layer appears to consist of severz)l compressed rows of the metal's ’ '

- grains or crystals, indicating that plastic daformation has occuxred o
= in the layer. As a result of tha plastic deformation, the layar is e
- more highly stressed than the parent matal; and since tha stresses

were laft by the machining oparation, thess ars called rasidual stresses.

Residual stresses can he baneficial or detrimantal. A small amount of *
coupressive stress can increase the fatigue strength of a component, N
and parts are fregquently shot pesned or cold worked for that purposs. Ny
If overdona, howevar, residual stressas can warp or distort a workpiece
and detrimentally affect its stress corrosion, fatigue strangth and
orhar mechanical or physical proparties.
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10.3.1

Abusive machining operations are generally the type which produce the
most plastic deformation and heat and, thus, the yreatest changa in
the surface layer. Consequently, abusive machining is the type which
is most likely to genarate axcessive residual stresses and the type to
be avoided. This can bast be done by using more gent:le machining
practices.

It is evident from the above diascussion that the machining method or
paramaters selected to produce a component can have an important sffect
on its quality. High speed machining could easily have been considered
abusive; therefors, this study was initiated to determine ita effact on
residual stress generation.

In this section, results showing the effect of cutting spead on
residual stress are presentad for Al-7075-T651, Al-6061-T6351, and ‘
Al~A356~T6. o

Test Procedura “tl‘?

The same setup used for the surface finish tests (see subsection 10.2.1) o

was used to machine spacimens for the rasidual stress tests. Even the -
sane 2.0-inch diameter, 2-flutas, 2.5-inch flute length, 4=-percent s
cobalt, high speed steel end mill was used. A

The test blocks for this study measurxed l.0-inch thick by 2.0 inches
square. In all, 24 test blocks from thres differant aluminum alloys BRI
vers machined at four differsnt cutting speeds. Frem thesa, two i
residual stress test specimans were produced for sach alloy and cutting
speed combination. For clarity, the cambinations and number of test
specimens fabricated for aach are given as follows:

Cutting Speed Nunber of Test Specimens
(f£/min) Al-7075-T7651 Al-6061-T651 AL-A3S$6-T6
1,000 2 2 2 " '
4,000 2 2 2
7,000 2 2 2
10,000 2 2 2

-

A test speciman was prepared by first clamping it in the vise and squar-
ing it, as bafore. Three conventiacnal milling cuts were then made
across the 2.0-inch square face of the specimen at a radial depth of
0.050 inch, an axial depth of 2.0 inches, a feed ratae of 0.005 inch/
tooth, and at one of the prescribed cutting speeds. Upon completing

the milling cuts, the specimen was carefully removed from the visae so

as not to scratch the milled surface. The specimen was then cleansed
and protectively covered with masking tape. :

All 24 of the rasidual straess test specimens wero prepared in the above
manner. These were subsequently packaged and delivered to Metcut Re-
search Associates, Incorporatad. Metcut had been subcontracted to
measure the residual stresses in the test specimens with techniques it
had perfaected.
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K The method used by Matocut to measure residual stresses utilized an x~
ray diffraction tschnique reccemended by the Society of Autcmotive

. Engineers (SAE). The specific technique employed differed from the

more common SAE tachnigue in two respects. First, the diffraction peak

: usad for stress Deasurement was located using a five-point parabolic
regression procedure rather than the thres-point algebraic procedure

' more commonly used. Second, the intansitles measured at sach of the

.‘ five points were corrected for the background intsnsity. These modifi-

: cations improved the repeatability of atrass measuremants. BExcept for

o these modifications, the tachnique used was identical to that described

L in the SAE publication, "Residual Stress Measurement by X~-ray Diffraction”,
SAE J784a. Dstails of tha tachnique and diffractometer fixturing are
outlined below:

Diffractieon_peak: (331)

Radiation: Cr K,

Incident heam divergence: 3.0 degrees
Detsction slit: 0.5 and 0.7 degrees

Counts per point: 40,000, 100,000 and 200,000
Deam sime: 0.25 x 0.4 inch ' NS
E/(1w): 8.83 x 106 pei Coh

The value of the elastic property &/(1+v) in the directicn normal to T
the (331) planes was detarmined pravicusly by calibration for 7075 N
aluminum alloy. The determination of ths elastic properties for the

A35¢ and 6061 alloys was beyond the scope of this project. . ’

Rasidual stress mesagurenents wers made at the surface and at four lavals
balow the surface on cne of sach kind of sample. Ths exact dapths
balow the surface at which measurameants wars nads are given with the
stress data in Table VIZ. Material wvas removed for the subsurface
measurements by slectropolishing the measurement area in a nitrie acid
ethanol solution to minimise the affects of matarial removal vpon the
axisting subsurface stresses. The dsterminations ware made at a point
near tha center of the milled face of tha block in a Qirection parallel
to the milling lay.

10.3.2 Rasid Stress sUr 3~ | -

Using the above described procedures, residual stress measurssants -
- wers made for all three alloys at four different cutting spesds. The
- Tesults are given in Table VII; vhere each sample vas coded with a RORE
sample nunber specifying the sample's alloy-and the milling spead used BORON
- to finish the sample. Compressive stresses are reported as negative v

valuss. All data wers corrected for the effect of the penetration of

the radiation into the subsurface strass gradient and for stress relaxa- - 1
tion caused by laver rsmoval, using a digital computer. I
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i . TABLE VII - RESIDUAL STRESS MEASUREMENTS
I Depth Rasidual Stress Depth | Residual Stress
i ' Sample No.| (in.) (xsi) Samplae No. {in.) (x 10° psi}
L A-356-1K Surface 23.2 A=356=4K Surface 26.3
_ . 0.0008 -17.0 0.0008 3.4
" . | 0.0015 0.9 0.0015 1.0
f 0.008%0 1.7 0.0031 16.7
i' 0.0064 5.3 0.0070 6.5
: A~356-7K Surface 7.6 A-1356=-10K Surface 17.3
0.0008 «1l.% 0.0008 9.1
0.001% -3.4 - 0.0017 =3.5 —_—
0.0032 ~5.4 0.0035 -3.9 N
0.0075 0.4 0.0062 1.0 - :i
6061~1K Surface 10.4 6061=-4X Surface 15.4 KRR
0.0009 0.4 0.0009 0.5 RRES
0.0018 1.0 0.0019 8.6
0.0030 =1.9 0.0032 7.2 :
0.0065 4.7 0.0060 -7.2 *
6061-7K Surface _ 58.4 6061-10K Surface 28.3
0.0013 -18.8 0.0008 20,5
0.0018 =-19.6 0.0014 7.1
v 0-0033 -303 0.0031 7-7
» 7075=1K Surface 20.4 70758-4K Surface 38.0
r: 0.0008 30.1 0.0009 =16.6
.l'i‘ 0-0015 19.7 0-0015 004
0.0030 -4.4 0.0038 5.6
0.0076 -1l.5 0.0064 -1.9 .
7075=-7X Surface 49.3 7075-10K Surface 18.7 o
0-0009 -506 0.0008 -301 ::
A 0!0015 “'l°17 0.0015, 5.0 1
h. 0.0037 +1.1 0.0031 -4.0
h 000070 "206 000063 “‘3-0 o ;
b e
f :Vﬁ
- The data in Table VII was plotted in graphical form to portray the R
3 effact of subsurface depth on residual stresses. The rasults obtained SRS

for Al-7075-T651, Al~6061-T651, and Al-A356~T6 are presented in Figures
140 through 142, respectively.
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Figure 140, Aosidwnl Surfacs Stress Protiles in' Al-7078=T841 Prediussd by End Milking
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10.3.3

Ganeral Qbservations on Residual Stress Maeasurements

Ideally, the residual stress at the surface of a component should be
slightly compressive so as to enhance its fatigue atrength. Tensile
stresses on a surface are thought to lower stress corrosion resistanca
and are, therefors, undesirable, mapecially if such stresses are high.
An examination of Figuras 140 through 142 reavealed that undesirable
condition cocurred for every alloy and gutiiing speed combination.
Matcut remsasured sanple number 6061-7X (see Tigure 1l4l) to invastigate
the possibility that location dependent variationa in surface residual
stresses may have contributed to the observed lack of correlation
batween the previcusly measured residual stresses and milling speed.
Of five measursment:s made, three ware consistent and two were incon-
sistent, Metout concluded that the consistency of tha overall results
was an indication that the original results were accurata and weras
representative of the residual stresses induced by the milling pro-
cedure.

No trend was established in the test results. For example, a cutting
speed of 7,000 feet/minute produced the best results for Al-AlS56-T6
and the worst rssults for Al-6061-T6 and Al-7075-7T651. In contrast, a
cutting speed of either 1,000 or 10,000 feet/minute yielded the best
surface layer conditions on Al-707%-T65l. From these and other c¢om-
parisons, it was concluded that the absence ¢of any consistency in the
tast rasults indicated that cutting speeds have little effect on
zeasidual streass genaration.
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11.0 COST AND PRODUCTICN TIME ANALYSIS

11.1  Introduction

When making any changes in a process, it is important to make an
analysis cf cdst and production time changes caused by the process
change. The cbjective of this section was to perform a preliminary
cost and production rate comparisen between conventional machining
and high speed machining. To assuro that this comparison was per-
formed in an unbiased manner, Matcut Ressarch Associates, Incorporated
was contracted to 4o the study.

1.2 Cost and Production Tims Calculations

When dealing with a machining operation, there are three main cen-
tributors to cost and production time. These are the constant costs
and times, feed cost and times, and tool costs and times. The
ocongtant costs and times are load-unload sstup, cutter index and rapid
traverss. By constant, it is meant that these terms ars not cutting
zate controlled. .The feeding costs and times are those accrued while
chips are being made. PFor this term, the cost and time is decreased
by increasing the cutting rate. The tool times and costs are the
penalties for wearing out a tocl. Tha downtime for replacement of a
dull tool and the tool purchase and resharpening costs are included

in this teram. The equations for production tims and acst are shown
in Table VIIX.

1.3 Application

, - To compare high speed machining with cornventional machining, Opera-
tions 50 and 60 ocn the Shell Guidance Set, part number 10162178-300EN
(sse Figurs 63), were selected for analysis. Operation 30 is now a
conventional turning opsration that is performed on a Bullard, N/C,
vartical turret lathe. In this operation, the top and bottom surface
are faced, the top flange is bored, and the ocutside diameter is turmed.
Opexation 60 is now a conventional milling, driliing and tapping op-
eration that is performed on a Sundstrand, S-axes, N/C, OM=3 Omnimil.
The production times and costs for these existing cperations were
compared to the production times and costs that would be realized by
replacing these two cperaticms with ons high speed milling cperation.

It should be neted, however, that a machine tool does not now axist
which could handle this part on a production basis at ultra high cut-
ting speeds. Although high spesd spindles are available as an add-on
for existing machine tools, the installation of one of these spindles
rendars the autcmatic tocl changer inoperable. Extra shislding was
required to contain the chips which came off the part at very high
speeds. This extra shielding restricted the uss of the existing pallet
systam for quick workpisce loading and unloading.
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TABLE VIII - COST AND PRODUCTION TIME EQUATIONS

Constant time: (t) = R/r+t, +t /N, +t Feeding time: () = L/f

*Tool time: (f) = t,/Ty Production time = t, + ¢, +t,
Constant cost: (Cy =t M Feeding cost: (C,) =t, M
Tool cost: (Cy) =ty M + Ce/Tp Total cost = C, + Cy + Cy
Where:

R = Total rapid traverse distance for one tool on one part (in, ),

r = Rapid traverse rate (in,/min,),

ty, = Timeto load and unload workpiece (min, ).

to = Time to set up machine tool for operation (mi...),

N7, = Number of workpieces in lot.

t{ = Time to index from one cutter type to anocther between opera-
tions (min. ).,

L = Length of travel of cutter at feed rate (in.).

£y = Feed rate (in,/min,),

tq = Machine tool downtime to replace a dull tool (min,).

Tp = Tool life (number of parts).

M s Labor plus overhead (3/min.).

Cqs = . Cost per sharp tool (8).

The value C, is calculated using the appropriate terms from the following equa-
tion, depending on the type of tool:
Cc G tb

.& —— _
C. (Kn-l)*c“ + 2 + i + C +th

Where:

Purchase oost of tool or cutter (§/cucter).

Number of times cutter is resharpened before being discarded,

Labor and overhead in tool reconditioning department ($/min, ),

Time to rebraze cutter teeth or reset blades (min, ),

Number of times milling cutter is resharpened before inserts
or blades are rebrazed or reset,

Number of testh in milling cutter,

Cost of each insert or inserted blade ($/blade).

Number of times blades (or inserts) are resharpened (or in-
dexed) before biades (or inserts) are discarded. :

Cost of grinding wheel for resharpening tool or cutter (§/ cutter),

Time to preset tools away from machine (in tool room) (min, ).
Time to resharpen a tool,

TP KON FFORP
[ I ] i

o

*This gnctor is zero if a tool does not require changing for an enttre lot,

173




Using the agquations in Table VIII, lists of individual operation
times and costs were devalcped. A breakdown of data for the con-
ventional method of producing one part in Oparation 50 is preasented
in Table IX, Pror comparison, a breakdown of data for the high speed
milling method of producing one part in Operation 50 is shown in
Table X.

The analysis of the conventional production method for Operation %0
revealed that a standard setup time of 2.5 hours is prorated over a
typical lot size of 100 parts. Bince the lathe cannot be running

while one part is being unloaded and ancther loaded, a load-unload

N time of ten minutes appears as a constant time. When replacing this
turning operation with the high speed milling opsratiocn, no extra setup
is required since omna setup on the mill will suffice for both Operations
50 and 60. The elimination of the turning setup is rsflacted in the ‘
2aro constant ‘time tarm in Table X. Also, since the mill uses a pallet
systam, there is no machine tool downtime for lcad-unioad. $ince
zapid traverse is faster cn the milling machine than the production W
lathe, that factor was not entered intc this prelinminary comparison. AR
Therafora, constant times and costs dus t0 rapid traverss tave been i
eliminatsd from the turning comparison. When turning on the lathe, '
the tools used for facing and bering ars good for an entire lot)
therefors, no downtime for dull tool replacemant was assumsd. When

the turning operaticns are replaced by a high speed production ailling
oparation, an automatic tool changer would be:used and dull tonls could
bs replaced while a different cutter was being used.

- . v T e e e -
DS .4”-‘-". P SN e s
. PRI S L B )

The total average cycle time for the turaing operation was calculated e
as 57.80 minutes. Doing this operation on the aill at high speeds U
would take only 18.8 minutes, saving 67 percant in cycle time. Cost
savings would not be as high mince the milling cutter is much more

expansive than the inserts used for turning. Cost psr part on the
lathe is $26.49 as compared to $17.04 on the mill. This is a savings
of 36 percent. E—:

The most detailed and time consuming part of the analysis vas made
for Operation 60, the milling operation. A complete breakdown of
Opazation 60 data for conventional milling can be found in Table XI. e
These data were gathared from 3,000 lines of APT output in order to P
caiculate rapid traverse and cutting times. Since it was not possible
from the APT ocutput to tall when the cutters were actually making
contact wvith the workpiece, any feed rate over $0 inches/minute was
considered as a rapid traverse and, thersfores, constant time or cost. RO
Anything under 30 inches/minute was considered as fesd or cutting R
time. Units for tool life valuss were number of parts per teool; so
it vas not necessary to tell when the cutter was contacting the work. —_—
Rapid traverse and cut times were calculated by dividing the cutter L
travel distance by ths feed rate. Costs ware calculated by aultiply-
ing thess times by the overhead rate at Vought Corporation. Tool costs
per sharp edge and tool life in number of parts werae supplied by
Veught Corporation from their existing production data.

] b
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174

. CORREEL Y .
..........

L S e AL,y e el . . - B g
DO T W et et e e T e e et e e e IR S, RN »' ..................... PR Y I A )
P '}\\:\\\J\.‘-:‘.‘\ RICR I L W SN A AT S ISRV A PR YR L LG VAR .""..l'.ll.k...' et 'n‘:‘n‘:'ﬁi S 'n." \‘" o\ 'u':'




EE L R A T A P R M
. . c T - P O E T A
..............................
....................

LI LT S P T T S

ev"9gov°0 | 802 | sI°S _3.5 s0°¢ | 2@9¥| 0S°II ‘ 98 uofEIad0 (W0
8270 feoe0 “3 0 — |e9°1 o | (01 - 1890d 13purelp spisu} s1od
ﬁ 0c°0 -- 19°0 - 1885d . asjommp opjsm azog g
10°L1 S%°0 -- |ss9e 00°1 -- | mzeevada Je JojowEIp OPISINO YSTuLL o
£2°0 - 03°0 -- | Mzeevadda] wopoq Jw aj0oure|p opIEIO WY, o
S¥°0 - 001 — | Mzesviadd| ei3us 8 aojomElp apisino UBTU oK
£2°0 - 08 °0 — | Mzesvad ofduv 18 19YWEIp OPISMO WINL,
[ § - 1 i — | mzesvad do?  J9jowwyp oOpISino geIUly
It - 05°2 — | Mmzeevada]  dol je zopuEp opisFo wIny, o
170 KIS°¥ - 80°0 00 01 -- | MzZgsvada] dol 1w aojoureElp OpISIMO USIULY e
1S°¥ - 00 "01 -- | mzesvaaaq doj} ju JoPuIE}p SpIEMO WIn],
z°0 - 03 °0 — | Mzesviaaa| wonoq 18 299umElp OpIEMO WINL, ~ M
SI°0 - ££°0 — | mzesvadal efdue e sopwep epjemo wny, - "
¥9°0 - 1 -- | mzecvada do) e asPwWEIp opismo WIng, oG
€2°2 -- 008 -- | Mzesvad do} 8 J00welp OpISTO BINL ey
26°0 - 12°0 — | mzesviada] wonoq e sewweip epjemo wing KX
18°¢ S¥°0 — lsL°L 00°T - ZESDAL woyoq 99W ysfULY _”.,.“M
2070 KE89 - o | 19370 - ZESDAL monoq eovd e
g2°2 - 00°s - ZesHd L doy ooy geyuId I
950 - 52T - Z£SDAL doj eoeg Rée
5y - - ey | 601 - — 0°01 == proym-pRO] o
ol —| —|e0o |s1] -] -] su - dnes
@] @®] @ ® uwkwo{ (mm | (o) %
3sop| 1800] 350D 350D | ownii) eunl ] ouill euril, ool uopywaedQ -
01 jooL] Supesg | jumsuos| oL} 100l | Bupesy | jueisnon 2

08 NOILVHE AdO 'TVNOILNIANCD X9 LHVd dNO .
DNINIHO VA HO4 SLS0J OGNV SINLL NOLLONJOo¥d - X1 A'THVL ok




------
.......

¥ .E_S ‘8] ove ‘o | 8°81 0 8°81 ‘e ot wo Sepum) Mol
ov°1 ko't £2°0 — l25°0 -1 =0 -1 1li™ pus *wip *up-{ geuy Wwo)joq 908y
£2°0 — lz8°0 —| & ~=| {{im puo “wip “uj-y gSnox wmonoq oovg
g8 °ay 23°C -- |g8°L -l 282 ~-{ 1t puo v °ul-g [qETCly ISP EVIP OPISMO wInl
£2°0 - jos°e -1 08°0 - Yejuy I9jews)p epjeu] edog
bo-; sz0 -_— ‘0 —f 997 - Qe do) 0w ]
g9°e -- {2878 -—{ z8°L - [q8nox 29PwEp opieMo wInL
£2°0 — 08’9 -—1 038°0 - qinoa zojeuwrw)p opjsu] olog
93°0 - ‘e -1 98% ~—{Tw" puo *wip “w-g yEnoa doj eoug
45215
- - — - --] euoN - peopum-proy
dnjos
(¢)] ) {$) (1K j(rmw)f uqm)} | (wram) | (“uyw)
18601 180D] |CD | - W0) | ounyj ownll] eun], OmILL tooL uotyezedo
™ioL] 1001, | Bupooy Haﬂo\o_io.-. 1001, | 3mpee | juwisuo)
69 NOLLVHIJO DNIT'IN G333 dS HDIH Ad LHVd ANO
DNINIHOVH HOd 81800 NV SINLL NQILONAOHJ - X 3 1dVL
DR > SGAAAAN S B <, SR




e K f e 2an] rrwv » Pl L4 . .

............... w o d

LT i | R L T _ T

A

X

.-.-Q.L

o

"

.-.clw

*1co) firp afegd o} Aunjuwmcp ov FajumEEY, “

6971 t0°0 Lvo 0z°1 Sr’e €01 29C0-F10-211 a3ury .......L

700 “ do} W FI0Y ¥ [P 1IN 5

-- Z5°0 cs'o 4 o1°1 2zt 2900-830-211 up opeds I9RWEP 05270 %

. . 4

1570 0 s €z 86°0 £8°0 59°0 £000-810-Z1 ¢ TP speds 333301eIp €170 oY

8770 0o 80°0 1z°0 65°0 €10 9¥°0 0290-610-211 $I10q OM] [IEP 19103 Ot

00 "0 62 °¥L £5°IE 1884 £2°6L 16769 92°6 Snmw 30) (Mo o

sLs z0°1 £e°y 0z°0 63°01 1001 50 onszLIs 10is 3001 uo A 30w op 2]

LL°e Lo 8t°0 zz°e zet 80 8% "0 15-£920-ES0-ST1 wxod g4g M 813000 dog o

08°6 £1°g 0s°0 Lo ;14 ] n° 10 €£01-900-S11 oyood e

52T J0 d01 w1 Yoxcod fewg

L - 4 Lo €2°0 12 oL°t 0 oreeess | Pwocd o2t W 51018 %001 (3) u
$8°C . 12°2 9z°0 29°S S0°S 1350 {z “oN) OM-1-11E88 06 1% a5avy do) Japmm daig

€02 (A Lv'e £8°2 6L°1 10°1 {z “oN) SM-1-11£88 seowd 3 S

sio{s pnow Sy Jo moNoH ,U

61°E £0°2 080 9g°0 152 w1 080 {1 “oN) Om-1-11c889 _ #3100 o0 s G0q #0W) Jodg oo

L¥°e e 8t°0 st°8 SL 2 0370 19Z1-000-911 |17od .S2Z¢ Jo K1aydiaed op)ru) m

o 18°c vi'o 21 .8 oc°o 1921-000-91¢ ot pue 52 2
’ ¢ SqPA JO SpRUl I

e’e n°o cs'o 89°0 520 £9ZT-000-5T1 Ppod Hay oy

D1t ¥ sa9u100 do} qdnoy ~ .

0s's o 872 20 ze £2°9 es°0 om-z-0:588 £z W pwod oma g
¥2°2 e 0z’ 96°% o ON-Z-01588 086 18 19300d InIY 2109 s

1 8¢:] 8y°0 w0 €0°2 01 1670 8€01-290-S11 (¥) 5% % spOI® wOOK
oc". £z°0 FA 99°0 50 geCt-290-811 £¥E pue 0Z 18 %910 .0 o

N ] z0°0 se°t 3 1070 8601-299-911 1pod .09t T SqoM Jo 0B s

wy 99°0 ™0 e1’e ‘e €0°0 8€0T-290-S1T 0¥¢ Y Wy yInoy i

tto or’e S0 e €270 SEDT-290-911 LHYE Je oy Baw of

oL°e £0°0 £8°1 921 80°9 8601-290-S1T 03¢ T yyood dog

»we Lo LR 18 - 1270 9601-290-811 1od asmBueoel .08 .m

¥2°t 70 €80 0Z°0 otz c8°t 1 ) 8601-290-S11 O [EOIIqUR (TR gFIU o

£8°S ] w's s1°0 8z°2t 8 1l £v°0 omnsiess 1018 (OUNE] OTHTN .\u

- - - - - - {s1orred) suoN - peoyun-peoy

%1 - -- se°t 00°c - 00°E --{ smog g ‘roo smgovm dryeg o
) ® ($) ®) {~ayum) () ) ool coymsedo
190D ,J901 [180D 100l | 180D Smpec g | 190D yumsuo) | eunl, 4 (w10l |aunl Supeed] sunl JUWISNOD) ..._ ¢

e

!-I

30 1 @o19)
09 NOLLVHIJO TVNOLINFANOO A€ JHVd INO DNINIHOVH HOd SLSOD NV SAHIL NOLLONGOUd - IX IT1dVL

< Ll
AXS

S
LT W I R i

B
‘o
‘s

)




......

B e S S X
.........................

o )
4 ucs ceoe-10-211
«< eciec PI9Z-ST8-3IC ol ez 2000-090-8i 1
() [ 1241 0TI 1-300-311 o »set 2300-¢10-311
o et oLT-100-41 1 3 zice” cicee ON
o scze §2IS-S08-HIT " 2Ly SZLIP ON
ozl 2o 11 T2L8-900-T11 o 101 1SCeRL-eSo-211 s
4] aut 991e-L28-211 " 3Ice 901-900-911 o
74 "Wt esTe-£08-3I1 ”» sTeee €cLes ON
ezl 12211 SCeI-100-3E1 " Ticee g “oN) 11cE8 ON
ot reezt 1sesIe-soc-3u1 | » s (1 ~opl) tice9 O .
oc (1011 cenr-100-211 ol o0l 102T-008-111
s TezI vesI-100-%E1 (4] L 22988 ON
e fnext 18000211 | cet gICe-958-¢11 "
"t 148 2086-L20-811 <! ezcsl 290T-290-511
o ovoet £ocT-100-311 1] s1009 1000 DN
3594 jo Jeqump) o by Yo 1001, |~y | ToN box ‘N sl
a3r] wol 71 Pl
Ladiid 19°1 st 2 93°T81 %L "R . . T gy wpuedo \
w2 ) "1 1 1% [ | 15°8 DNEAd VL MOd TVIOL
n'e ”ne L 18] si‘e (N ] 3 ] e S-S 1L ac-OMn-c-p o dey
sL'e e s we L [ 1 - N ] 80 aTRT-908-9 1 sBuwy; doy seqoq § dey
€S9 e m®e 1. [ 2§ L ] e SLST-100- M1 wpod dog el
- X e [ %) LX) el "»'s 09 1239-9300-911L wis yosney dey
<L 13°0 KX T3 2 1881 s X DNITTING 804 TVIOL
LX) O I we | e Tl & ) % L9011 ops o 130 2
e ° 1z°e -] ® ” 7L°8 2579250311 do) cI-2/1 .
[ N ] e aeg eSwey 4o} m sepoy § [B20
L9 % "°e e 191 ne e re-ce0-2i1 . noys jo
dug w oojeq g PpUY JOPWTP
pme & sopeq § 1520
gare | N )] L )] ”ne X e e SCOI-190-851 oys Jo Logdued
pumoIe opoy €61 '8 1BXQ
«®e e e 150 z8°e £z e M-9210-590-211 pocd doj w swoy £ 100
e e 11} 1z ) ] [~ & ) " SO I-T00-211 wipad do) m sepoq T TG
(1] ‘e e e L ) %’ - 19°9 eI-109-211 : wyood
dog @) 4 2§ wepoy € (PO
”y e e e 1.’ iz 190 ST6Y-000-311 ST I
jaxd0d yywme w sepoy T [IHQ
(3] 10’0 e sEe e e L ] 9090188311 wpod 8170
_ w setoy JowusP 3 °¢ § H20
ste 10°s LE‘e . se°e «®°e ”e £3C1-100-21 8 wpod dosp
§1°¢ W 1epwsp o£1 "8 ID-
(1] (Y] ) ) (& ) {-w=) (“wym) 1 S
1900 oL 150D (Jood | 1900 Bupee g | 1900 Jwmews) | owlL ([Vi0L | owll, Supoe ] | swny, JEmEwo) o
(2 jo g 19048)

99 NOILLVHAJO TYNOLLNAANQO A€ LHVd INO DNINIIIOVIN H0d SIS00 NV SINIL NOLLONAOUd ~ IX 314V




r] The total average production time for the conventional machining of ;117"
_ Operation 60 was 102.55 minutes per part. Of this time, 24 perxcent
. was attridbutable to prorated setup and rapid traverse movements. The

remaining 76 percent of the time was at cut fesd rate. Time to ra-

place dull tools was not considered since dull tools cculd ba re-

N placed in the tool holder while other tools were baing used. The
total average production cost for the conventional machining of Op-«
eration 60 was $61.05 per part. Prorated setup and rapid traverse

N time accounted for 1B percent of this cost. Feeding cost was S8 per-~

1 cent of the total, with replacement of expendable tooling accounting

for the remaining 24 percent of the sost. Breaking the total time

: . down by operation, 3 percent of the time goes to setup, 77 percent

. for milling, 15 percent for drilling, and 5 percent for tapping. For
cost, this comas to 2 percent for setup, 82 percent for milling, 12

percent for drilling and 4 percent for tapping.

To the extant possible, Operations %0 and 60 were parformed on two
Guidance and Control (G&C) shells with ons high speed milling opera-
tion. These are shown in Pigure 143. A stop watch was used to -
measure the in-cut times of comparable milling and drilling oporations. IR
1

Tapping oparations were not considered in the comparison dus to the
inability of the high speed spindle to reverse quickly, a require-
nent for tapping spindles. The total cut time for these operations o
at high speed was 31 minutes. Therefors, by using high speed milling AR
and drilling operations (not changing tapping rate) with no change :
in tool life, a reduction in average cycle time for Operation 60 from
102.55 -minutes per part to 57.76 minutes per part could be realized.

This is a 44 percent savings in production time. The cost would de= *.:_i
crease 33 percent from $61.05 per part to $40.84 per part. '

11.4 Potential Realization
The high metal remcval rates possible with high speed macnining can k&i:&
causs drastic reductions in the feeding times and costa. Also, there .-

is no drastic reduction in tocl life when going to these high speeds.
One thing that must be kept in mind though ia that it takes time for
the machine tool to accelerate and decelerate from thase raplid feed-~ o
ing rates. This limits the application of high speed machining when P
many cutter direction changes are necessary. The cutter paths neces- :H;J
sary for machining the test parts, in many cases, did not allow tak-

ing full advantage of high speed machining technology. Although the o
existing machine tool loses use of the automatic tool changar with SR
the high speed spindle installed, each saparate operation was run at o
high speeds. With a machine tool design for high speed machining, S
rapid traverse, as well as contouring and direction change rates, I
would increase. By doubling the rapid traverse rates along with the -
cutting rate increass, total reductions of 54 percent in production
time and 41 percent in costs could be realized.
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11.5

TRV RSN ey

Although testing does not show any larga effaect on tool life by going N

to high speed machining, the conservative approach should be used to e
£ind what effect tool life could have on cost., If the tool life is -
halved when going to high speed milling and drilling, assuming the
doubled rapid traverse rates, the production time would still decrease )
by 54 percent, but the cost would be decreased by only 17 percent as IR
opposed to 41 percent when no reduction in tool life is assumed. T

Conclusion

Calculations show that given a machine tool capable of high speed

machining with all the requiremsnts of a production machine tool; e.g., S
automatic tool changer and pillets for quick part load-unload, large .-
cost and production time savings can be realized for the G&C shell .
part analyzed. A total of 59 percent savings in production time and .
a 23-39 percent savings in cost can be achieved. B
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12.0 CONCLUSIONS AND RECOMMENDATIONS

Major improvements in productivity and cost effectivenaess wars demon-
strated for high spesd machining processes in this program. High
speed machining is not exactly a new procass. Aside frem routing op-
arations, high 'speed machining has been provan many times in pro-
duction shops to be a worthwhile operation for spacial cases. PFor
example, spar mills hava rqutinely spun 8.0-inch diameter cucters at
3,000 revolutions/minuta to producs aluminum spars at a cutting speed
of 6,280 fast/minuta. The raadsr could probably cite scma examples
of his own, but this example and the cnes in the report can serve to
illustrate that the high speed machining processes are for real and
can work.

The factor which allows high speed machining to work 3o well on alume
inum is that naterial's low melting point. The melting peoint of
aluninux varies betwean 930°F and 1180°F; and it follows that the
sutting temperaturs will never exceed approximstsly 1200°F and, more
than likely, will usually ba lass. At those temperatures, cutter lifa
did aot prove to be much of a problem except for the vury abrasive
aluminum alloy, A356. Thersfore, it was generally concluded that,
tharmally speaking, thare does not appear to hs any limit to the cutting
speed at which aluminum can be machined.

Cutting speeds wars found to have an effect on cutter life) however,

and it was estimated that spindle speeds cn the orxder of 40,000 revolutions/ R

ninuts would be required to produce a most-economical cutting speed for
1.0=inch diameter end mills. Smaller cuttars would rsguirs an even
fastar spindle speed to reach the most sconcmical cutting speed, esti-
mated to be on the ordar of 10,000 fest/minuta. Ccnsequantly, it was
concluded that the existing spindle with its 20,000 revolutions/minute
naximun speed was toc slow ton achieve maximum machining econcmies in
aluminum with cutters less than about 1.5 inches in diametar.

Tocl life increased with feed rates up to about 0.008 inch/tooth on
Al=-707%5-T651, 0.010 inch/tooth on Al=~6061-T651, and 0.0l4 inch/tooth
oa Al-A3%6-TE. To achieve those feed rates with 2-flute end mills
rotating at 20,000 revolutions/minute, milling table speeds of 320,400
and 560 inches/minute, respectively, would have to be provided. Pror
4=flute and mills, those table spesds would have t0 be doubled. Since
the fastest milling table speed known was 400 inches/minute, it vas
concluded that it would do little good to incrsase spindle speeds
further unless table speeds ware increased, accordingly.

In the same vein, it was found that rotary tables on machining centers
wera also genarally %00 slow for a 20,000 revolutions/minute spindle.

To provide a feed rats of 0.010/tooth for a 2-fluts snd mill cutting at
20,000 revolutions/minute on a 22-inch diameter workpiece, a table spmed
of 6 revolutions/minuts would be required. Consequently, it is
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j recommended that table speeds of that magnitude be provided on future
machining cutters.

While faster spindle speeds can ba delayed until faster table speads
are provided, wors powerful spindles are needed now. Both the Ekstrom,
Carlson and Bryant spindles wers found to be lacking in torque and
P useful horsepower output. This limits the size of cut that can be mada
I M with either and can be attributed to the physics of the process. That
is, for a given size cut, horsepower requizements incruase as speed
N increases. Using formulae developed in this program, 20 horsepowaz
was calculated to be the requirement for producing & i.0-axial depth,
_ 0.25=inch radial depth, end milling cut at a speed of ¢.500 fmet/
minute and a feed rate of 200 inches/minute. Thosn paramecers would
permit a metal removal rate of 30 cubic inches/minuv- To machine at
that rate on a continucua duty coycle basis, the spindle could only be
oparatsd at approximately SO-percent capacity. Consequantly, & 40
horsepower spindle would be needed for the task. The size of cut under
discussion is not large by preduction standards; therefore, it is
recomanded that one of the primary gqoals for spindle manufacturars be
.- the development of at least a 4C horsepower, 20,000 revelutiona/minute
- ' spindle.

S T IR

Two other design changas are needed for the high speed spindles. PFirst,
a more positive spindle stop:! e.9., a forward thrust bearing or a hy-
draulic preloaded bearing, is needed to prevent a loaded aspindle shaft
- from trying to pulleut of its housing by taking up excessive slacks in
(] the assembly. Under extreme conditions, such pullout can overstress a
i forward bearing that is turning at an ultra high speed, causing overheating
and possible damage tu the bearing or its shaft., Second, a low spindle
speed is resded on machining centers for tapping operations. Without

. such a capability, much of the socnomic advantage of a high spead machin-
= ing center might be lost. 3Since other low speed applications can be
i visualized for machining centers, it is recommanded that spindle manu=

facturers look into the possibilities of using electronic awitching to
provide both a high and low speed range.

Excapt for the abrasive aluminum alloys like A3IS6 which must be
machined with carbide, eithar carbide or high speed steel cutters can
be used to machine the remaining aluminum alloys at ultra high speeds.
» Generally, end mills of either material cannot be rotatad fast enough o
- to reach a most sconomical cutting spsed; so there is little danger of =y
. cutting too fast with either material. The beat end mill geometry ob- o
sexved in this program for cutting aluminum with carbide consisted of
4 25-degres helix angle, S5-degree radial rake ngle and about 10-degree
primary Glearance. TFor cutters over l.0-inch diameter in particular,
cutter balance was found to ba critical €0 tuul life and surface finiash. B
Consequently, it will probably be necessary for users of the high speed o
machining processes tc have dynamic balancing equipmant available.
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Cutting fluids are not always required but are generally rescommended
for the high spesd machining of aluminum. The fluids are not needed
%o cool workpidces and cuttars, because these 40 not gethot., The
fluids are baneficial, however, in alleviating built-up-edges on cut-
ter flanks, particularly on high speed stesl cuttars. The built-up-
edges are formed from amall chip particles which have been pressure-
walded to cutter flanks: and these, in effect, replace the cutter ma-
tsrial that was ground away to provide cutter clearance. With no
clearance, such cutters rub workpieces, increasing heat and horsepower
consuaption and decreasing cutter life. Centrifugal force will allevi-
ate flute packing, but cutting fluids are needed to minimize built-up=
£lanks.

High speed stesl drills ave adsquate for the high speed drilling of
aluninum. Ovar five thousand holes wers drilled through cne-half inch
thick 7075-7651 aluminum with one (1) one~fourth-inch diameter drill
operated at 20,000 revolutions/minuts and a feed of 100 inches/minutas.
At those rates, drilling operations were spectacular, resembling a
punching operation. If dasired, those rates could probably he doubled
with higher spindle speed, drilling equipment that is now available.

While zone equipment changes which sould make high speed milling a
battar proceds wars pointed out, nothing detrimental to high speed
milling was cbsexved in this program. With the equifcment at hand, a
very good matal removal rate of 33 cubic inches/minute was established
as a standard for SO0-percent spindle loads. Additionally, metal re=
moval ratas of 69 cubic inches/minuts and feed rates of 3504 inches/
ninuts ware sustained with a 1l.0~inch dimmater, 2-fluta, brased-
carbids end mill in another instance. In short, productivity was
significantly improved by the process. While high speed machining can
be more profitably used to make “hogying” cuts, an economic antlysis
showed that with the proper machine tool, a 23 to 39 percant cost
savings could be achisved by using high speed machining to help finish
machine as=cast Guidance and Contrel shells. Part stabllity may ulso
be improved by high speed milling, bscausa cutting forces were ob-
served to vary batwean only 40 and 50 pounds at S50-percant machine
loads and 10 to 20 pounds at 25-percent dachine loads. Additionally,
high speed machinadworkpieces remained gool to minimize any thermally
induced distorticns, and cutting speed was not found to have any effect
on residual stress gensaration. Good dimansicnal tolerancas and finishes
were Also majintained with high speed milling. For examples, maximum
cuttar daflacticn was about 0.003 inch at S50-parcent spindle loads and
0.002 inch at 2S-parcent spindle loads. Aditionally, the two guidance
and control shells were high spesd machined within tolerances. and
sxcellent surface finishes were obtained at all speeds. High speed
machining was found to be a relatively safe process. While several
cutters wers safshed, only two were broken and those, not unaxpsctadly.
In sumnation, these highlights from the program exsmplify that high
speed machining is a sound, viable process.
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Machine tools can be beneficially retrofitted with high speed spindles
to perform the same operation or family of operations repeatedly.
However, the type of high speed machine tool needed by the missile and
other genaral type machine shops hak not bsen built as yet. Basically,
the type of machine tool envisioned would be a machining center with
rapid, automatic tool and part changexs. It would have a protective
cover and a lightwsight machining table with infinitely variable fead
zates to 800 inches/minute. Its correspending rotary table would hava
a minimum speed of 5 revolutions/minute. The spindle on that machine
would have both a low and a high range; or two spindles would bhe pro-
vided, as on thae OM=] Omnimil. The high speed range would vary in-
finitaly betwaen 10,000 and 25,000 ravolutions/minute, and the low
speed range would vary infinitely between 0 and 1,000 revolutions/
minute and be raversible. Minimm pawer ocutputs would be 40 horsepower
At 20,000 ravolutions/minute at the high speed spindle and 1.5 horse-
povwer at 1,000 revolutions/minute at the low speed spindle. The sys-
tem would be well protactad and instrmmented and computer (DNC) con-
trolled. Such a machine would provide the versatility needed for jok~
shop type operations and move a good process beyond its threshold.
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